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Abstract 
Conservation tillage is generally considered as an important component of 
sustainable agriculture. The benefits of conservation tillage have been 
presented as reducing runoff, enhancing water retention and preventing soil 
erosion. There is also general agreement that it can be used to conserve and 
enhance soil organic carbon levels to some extent. However, its applicability in 
mitigating climate change has been extensively debated, especially when the 
whole profile of carbon in soil is considered along with a reported risk of 
enhanced N2O emissions under conservation tillage. The suitability of 
conservation tillage in mitigating climate change and enhancing carbon 
sequestration is addressed in this research in an integrated approach combining 
characterisation of the soil porous architecture and other chemical and 
biological properties. Novel analytical tools such as X-ray Computed 
Tomography were used to characterise the 3-D soil pore network under 
conservation tillage for the first time. The study indicated zero tilled soils had a 
lower net emission of greenhouse gases on a CO2 equivalent basis indicating 
potentially zero tillage can be used to mitigate climate change. The net global 
warming potential under conventional tillage was 20% higher than zero tilled 
soil. A model developed to predict the greenhouse gas emissions from soil 
found that soil pore characteristics such as porosity played a significant role in 
the emission of greenhouse gases such as CO2 and CH4 among other factors 
such as microbial biomass carbon, bulk density and shear strength. Soil 
porosity alone accounted for 39.7% of the total variation for CO2 flux which 
was larger than any other parameter including microbial biomass carbon and 
soil carbon. Soil pore characteristics were revealed as one of the important 
determinant in aiding the GHG flux in soil. However N2O emission from soil 
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was mainly dependent on soil moisture, microbial biomass carbon and 
microbial biomass nitrogen. It was also found that zero tilled soils contained 
9% more soil carbon and 30% higher microbial biomass carbon than the tilled 
soil. It was found that tillage mediated aggregate changes could bring changes 
in carbon storage in soil depending on texture of soil. Increased microbial 
activity was evident at zero tilled soils as observed from the increased activities 
of hydrolysing and oxidising enzymes. The preservation of aromatic structures 
during residue decomposition might have contributed to enhanced 
sequestration of carbon under zero tilled soils as revealed by the FTIR data. 
The study indicates that soil management practices strongly influence other 
properties and by making a suitable choice of the tillage system, a comparative 
reduction in greenhouse gas emissions could be achieved at the same time 
enhancing sequestration of carbon.  
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P <0.05 (c) soil porosity and CO2 flux; F1,64=110.14, P 
<0.001 (d) soil shear strength and CH4 flux; ; 
F1,64=14.08, P <0.001 (e)  soil moisture content and 
N2O flux, ; F1,64=12.62, P <0.001 and (f) microbial 
biomass carbon and N2O flux; ; F1,64=69.5, P <0.001. 
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1. Chapter 1: General introduction 
1.1 Rationale 
Globally agriculture accounts for 10-12% of total anthropogenic emissions of 
greenhouse gases (GHGs) which was estimated to be 5.1 to 6.1 Gt CO2-eq/yr in 
2005 (Smith et al., 2007). It has been reported that soil tillage causes a rapid 
loss of soil organic matter, by increasing the soil biological activity and 
disturbing the physical properties of soil (Gosai et al., 2009). Conservation 
tillage has been suggested as one of the different mitigation options to reduce 
GHG emission from agriculture (Six et al., 2000c). It is claimed that 
conservation tillage can serve as an important management strategy offering 
many benefits like increasing organic matter content (Kong et al., 2009), 
sequestration of carbon (Lal, 2009), greater aggregate stability (Six et al., 
1999b) and biological activity (Chatterjee and Lal, 2009) as well as prevent 
soil erosion and runoff (Cássaro et al., 2011). Reduced tillage practices have 
been reported to reduce GHG emission directly with the reduced use of fossil 
fuels in field preparation in addition to increasing carbon sequestration in soil 
(Petersen et al., 2008). However, recently it was reported that reduced tillage 
could lead to stratification of soil organic carbon at the surface (Baker et al., 
2007) against the more uniform distribution of carbon in conventionally tilled 
soils (Campbell et al., 2000). The climate change mitigation benefits such as 
reduced CO2 emissions by virtue of increased sequestration of carbon and 
reduced CH4 release under reduced tillage could be offset by an increased 
emission of N2O, a greenhouse gas with high warming potential (Chatskikh 
and Olesen, 2007; Hermle et al., 2008; Six et al., 2004).  Increased N2O 
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emissions have been related to increased denitrification under reduced tillage 
due to the formation of micro-aggregates within macro-aggregates that creates 
anaerobic micro sites within aggregates (Hermle et al., 2008) and due to 
increased microbial activity leading to a higher competition for oxygen (West 
and Marland, 2002a) and a denser soil structure (Regina and Alakukku, 2010) 
due to consolidation of soil over time due to clogging of pores. Reduction of 
tillage can lead to increased soil densification and subsequent decrease in 
volume of macropores leading to soil firmess (Schjønning and Rasmussen, 
2000). Soil aggregation and pore structure are important characteristics 
affected by tillage which impacts on the physico-chemical and hydro-thermal 
regime in soil and ultimately the crop yield.  
Field studies concerning the effect of tillage on soil aggregation and its effect 
on the net balance on major greenhouse gases are sparse. Traditional methods 
for soil structural studies such as soil moisture retention and aggregate size 
distribution are destructive (Gantzer and Anderson, 2002). However advanced 
technologies such as X-ray Computed Tomography (CT) can be used to reveal 
the undisturbed structure, aggregation and pore characteristics of soils under 
different management practices. Gantzer et al. (2002) have demonstrated CT 
can be used to reveal the differences in macroporosity between conventionally 
and conservational managed soils.  
This project aims to understand the effect of complex interactions of soil 
physico-chemical and biological changes under tilled and untilled conditions 
on the net greenhouse gas balance and carbon sequestration. This project also 
sought to investigate the biophysical and microbial basis of enhanced carbon 
sequestration in soil. 
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1.2 Literature review 
The literature review was prepared as a review paper intended for submission 
to the Journal of Agricultural Science and is included in an unpublished paper 
format and this chapter illustrates the background for undertaking this research 
project. 
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Summary  
Conservation tillage is generally considered as an important component of 
sustainable agriculture. The benefits of conservation tillage have been 
presented as reducing runoff, enhancing water retention and preventing soil 
erosion. There is also general agreement on the usefulness of this practice to 
conserve and enhance soil organic carbon levels to some extent. However, its 
applicability in mitigating climate change has been extensively debated, 
especially when the whole profile of carbon in soil is considered along with a 
reported risk of enhanced N2O emissions under conservation tillage. Here we 
present a meta-analysis of existing literature to ascertain the climate change 
mitigation opportunities offered by conservation tillage. Research suggests 
conservation tillage is effective in sequestering carbon beyond the level of soil 
surface in both tropical and temperate conditions. The carbon sequestration rate 
in tropical soils can be about five times higher than in temperate soils. In 
tropical soils, carbon accumulation is generally correlated with the duration of 
tillage. Reduced N2O emission under long term conservation tillage has been 
reported in the literature but significant variability exists in the N2O flux 
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information.  Long term location specific studies are urgently needed to 
determine the precise role of conservation tillage in driving N2O fluxes. 
Considering a wide variety of crops utilised in conservation tillage studies, for 
example maize, barley, soybean, winter wheat; only soybean has been reported 
to show an increase in yield under conservation tillage (7.7% over 10 years). In 
most cases yield reductions have been recorded e.g. c. 1-8% over 10 years 
under winter wheat and barley respectively indicating that adoption of 
conservation tillage do not bring appreciable changes in yield. A key question 
that remains to be answered is, are such reductions in yield acceptable in the 
quest to mitigate climate change, given the importance of global food security. 
Key words: Conservation tillage, carbon sequestration, net greenhouse gas 
emission, yield 
1.2.1 Introduction 
The adoption of tillage practices for crop production dates back to the 
invention of animal drawn implements with the benefits of tillage shown as 
early as the 1800s (Gebhardt et al., 1985; Lal et al., 2007). In present day 
conventional tillage systems, a mould board plough is typically used for 
primary tillage followed by the use of secondary tillage implements like power 
harrows for seed bed preparation. In this approach it is usual that <15% of crop 
residues are left on the surface (Adel, 2003) DQG WKH WLOODJHGHSWK LVFP
(Jastrow et al., 2007). The environmental concerns about soil erosion, soil 
degradation and pollution of water brought about by tillage have resulted in 
development of alternative tillage systems whose popularity have varied over 
time (Gebhardt et al., 1985) but are currently gaining more attention. Reduction 
of tillage in crop cultivation was first attempted primarily as a strategy to 
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reduce soil erosion during the late 1950s and increased in popularity around the 
world especially after the discovery of the herbicides atrazine and paraquat 
(Hermle et al., 2008). Different forms of reduced tillage are practiced which 
can be collectively be grouped under the broader term µconservation tillage¶. 
Any tillage practice that reduces soil or water loss when compared to 
ploughing is considered conservation tillage. Typically, reduced tillage aims to 
conserve soil and water by reducing soil disturbance and leaving 30 % or more 
crop residues on the surface (Wang et al., 2006). Soil inversion is not permitted 
under conservation tillage and shallow ploughing, if done, should be less than 
10 cm (Adel, 2003). In 2001, Derpsch suggested about 45 million hectares 
globally was under conservation tillage of which 96% was in North and South 
America. By 2007-08 the area under conservation tillage had more than 
doubled to 105 Mha spread across all continents  (Table 1.1, Derpsch and 
Friedrich (2009)). The largest area is in South America (46.8%), followed by 
North America (37.8%) and the least in Africa (0.3%) and Europe (1.1%). The 
reported increased area under conservation tillage in United States may be due 
to either early introduction of such practices to prevent soil erosion problems or 
because US conduct regular surveys on conservation tillage and accurate data 
always available. Conservation tillage practices are widely documented for 
their benefits to protect soil against erosion and degradation of soil structure 
(Petersen et al., 2011), greater aggregate stability (Fernández et al., 2010; 
Zotarelli et al., 2007), increased soil organic matter content and sequestration 
of carbon (Six et al., 2000a; West and Post, 2002) and improved biological 
activity (Helgason et al., 2010). The reduced use of fuel in field preparation is a 
significant economic attraction to farmers and adds substantially to 
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environmental protection (Petersen et al., 2008). Further emphasis has been 
given in recent years to the climate change mitigation opportunities under 
conservation tillage systems considering the potential carbon storage in soil 
and reduction in emission of carbon dioxide (CO2) in particular (Farina et al., 
2011; Koga and Tsuji, 2009; Peigne et al., 2007).  
Recently it was reported that reduced tillage can bring about stratification of 
organic carbon at the soil surface (Baker et al., 2007) compared to the more 
uniform distribution of carbon typically found in conventionally tilled soils 
(Campbell et al., 2000) questioning the effective sequestration obtainable under 
conservation tillage. The surface accumulated crop residues under reduced 
tilled soils, may decompose releasing CO2 to the atmosphere (Petersen et al., 
2008). Crucially, climate change mitigation benefits such as reduced CO2 
emission, by virtue of increased sequestration of carbon, and increased 
methane (CH4) uptake under reduced tillage could be offset by an increased 
emission of nitrous oxide (N2O), a GHG with high global warming potential 
(Chatskikh and Olesen, 2007; Six et al., 2002; Six et al., 2004).  The increased 
N2O emissions have been related to increased denitrification under reduced 
tillage due to the formation of micro aggregates within macro aggregates that 
create anaerobic micro sites (Hermle et al., 2008), high microbial activity 
leading to high competition for oxygen (West and Marland, 2002a) and a dense 
soil structure that could be formed due to non-disturbance (Regina and 
Alakukku, 2010). Soil structure and soil wetness exert a considerable role in 
greenhouse gas emissions from soil (Ball, 2013). Avoiding tillage in crop 
production can also impact on crop yields and ultimately global food security 
(Huang et al., 2008). A yield reduction of 21 and 15% in wheat and barley 
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respectively was reported over 6 years in zero tilled soil compared to 
conventional tillage by Machado et al. (2007). Among other factors, the yield 
reduction under conservation tillage was mainly attributed to increased weed 
growth, which makes it necessary to apply more herbicides. The potential for 
any mitigation by conservation tillage therefore need to be considered together 
with its impact on crop yields and use of agrochemicals as climate change and 
global food security are intrinsically linked. The objectives of this paper are to 
evaluate conservation tillage for the (i) mitigation of climate change by 
sequestration of carbon and by reducing or balancing emission of major GHGs 
from the soil and (ii) its effect on crop yield. In this review, the term 
conventional tillage will be used to represent ploughing to a soil depth of at 
least 20 cm and conservation tillage includes both no-till/zero till and 
minimum/reduced till which represent no cultivation and cultivation of surface 
soil (typically 5 cm) respectively.  
1.2.2 Materials and methods 
In this study we compiled data sets pertaining to carbon storage in soils, 
emission of greenhouse gases and crop yield under conservation tillage.  
1.2.2.1 Datasets on soil organic matter 
A total of 57 data sets were collected from peer reviewed research papers using 
the search term µconservation tillage and carbon¶ in Web of Sciences. Only 
those papers with paired conventional tillage (CT) and no-tillage (NT) 
treatments were selected (Table 1.2). The C data was reported in Mg ha-1. But 
when only C concentrations were reported, bulk density values were used to 
convert carbon content to C stock using the following equation. 
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For those sites without bulk density values, the bulk density was calculated 
using the equation of Post and Kwon (2000) as given below. 
ሺ ୥ୡୡሻ ൌ ቆ ଵ଴଴ቂቀ ?ೀೝ೒ೌ೙೔೎೘ೌ೟೟೐ೝబǤమరర ቁାሺభబబష ?೚ೝ೒ೌ೙೔೎೘ೌ೟೟೐ೝభǤలర ሻቃቇ  (2) 
 
Where 0.244 is the bulk density of organic matter and a mineral bulk density 
value of 1.64 was used as suggested by Post and Kwon (2000).  
1.2.2.2 Yield data sets 
A review of the existing literature was made to compile a data set for 
comparing crop yield under conservation tillage and conventional tillage. We 
collected data from 59 peer reviewed research papers that made one to one 
comparisons with conservation tillage and conventional tillage using the search 
terms µcrop yield and conservation tillage¶ in Web of Science (Table 1.3). The 
relative yield was then computed as follows.  ሺ ?ሻ ൌ  ௒௜௘௟ௗே்௜௡௞௚Ȁ௛௔௒௜௘௟ௗ஼்௜௡௞௚Ȁ௛௔ ൈ  ? ? ? x (3) 
1.2.2.3 Statistical analysis 
The locations of study reported in each paper were classed into tropical and 
temperate based on the climatic information provided in the paper and FAO 
agro-ecological zoning guidelines (http://www.fao.org/nr/land/ 
databasesinformation-systems/ aez-agro-ecological-zoning-system/en/ (FAO). 
Regression equations were developed to explore the potential for carbon 
sequestration under conservation and conventional tillage separately under 
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tropical and temperate conditions and to derive conclusions regarding the effect 
of the duration of conservation tillage on sequestration of carbon and soil depth 
on net sequestration carbon rate. The yield advantage or disadvantage under 
conservation tillage with respect to conventional tillage was calculated from 
the selected published literature. Linear regressions were carried out on the 
yield differences against duration under conservation tillage. All the statistical 
analysis was carried out in Genstat (v. 14). 
1.2.3 Conservation tillage and soil properties 
Conservation tillage affects soil aggregation by reducing oxidation of soil 
organic matter which acts as a binding agent for macro aggregates. Hence 
water stable aggregates (>250 mm) become more stable under conservation 
tillage systems (Tisdall and Oades, 1980). Kasper et al. (2009) observed 18.2% 
of soil aggregates LQ WKH µVWDEOH¶ FODVV under conventional tillage compared 
with minimum tillage which contained 37.6% stable aggregates. Continuous 
tillage practices also make aggregates susceptible to disruption under exposure 
to frequent wetting and drying cycles by affecting water stability of aggregates 
(Six et al., 2000b). 
Soil organic matter accumulates under conservation tillage practices, especially 
near the soil surface, when compared to conventionally tilled soils (Angers et 
al., 1997; Gosai et al., 2009). Under conventional tillage, crop residues are 
mixed with soil in the plough layer and hence nutrients are more or less evenly 
distributed (Wright et al., 2007), unlike conservation tillage where there might 
be an enhanced bio-chemical and physical environment at the surface, due to 
longer retention of crop residues there. Under reduced tillage practices, a 
reduction in soil organic matter turnover can affect net mineralisation of 
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nitrogen (Kong et al., 2009) and result in lower nitrogen availability for crops. 
Net immobilisation of nitrogen has been reported during the transition periods 
to conservation tillage (Jastrow et al., 2007).  However, in the long term, the 
nitrogen concentration in the surface layer of no-till soils has been found to be 
higher than in conventionally tilled soils (Ussiri et al., 2009). No tilled soils 
have also been reported to accumulate phosphorus and potassium at the surface 
(Wright et al., 2007). Franzluebbers and Hons (1996) observed greater surface 
accumulation of P, K, Zn and Mn in no-tilled soil than in conventionally tilled 
soils and Bauer et al. (2002) found enhanced accumulation of Ca and Mg in the 
upper layers of no-tilled soils. 
Tillage impacts soil macro organisms both directly and indirectly. The direct 
effect is by exposing them by the inversion of soil (Roger-Estrade et al., 2010) 
and indirectly by altering the soil microclimate, by modifying temperature and 
moisture conditions in soil. In the long term no-tillage practices can be 
beneficial for earthworm population compared with conventionally tilled soils 
due to enhanced availability of food resources (Eriksen-Hamel et al., 2009). An 
abundance of microbial biomass has been found in soils with conservation 
tillage, which include saprophytic fungi and arbuscular michorhyzal fungi 
(Roger-Estrade et al., 2010). Helgason et al. (2010) found up to 32% higher 
microbial biomass under long term no-till systems than conventionally tilled 
soils. 
1.2.4 Climate change and greenhouse gases 
According to the Intergovernmental Panel on Climate Change (IPCC, 2007b) 
the increased concentration of GHGs in the atmosphere is the major cause for 
global warming and associated climatic changes (Ugalde et al., 2007). The 
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global atmospheric CO2 concentration increased from 280 ppm in 1750 to 
392.6 ppm in 2013 which has been attributed primarily to fossil fuel use and 
land use change. Apart from CO2, the atmospheric concentration of CH4 has 
increased to 1874 ppb from the pre-industrial value of 700 ppb. N2O 
concentration increased from 270 ppb to 324 ppb in 2013 (CDIC, 2013).  
Agriculture can act as both a sink and source for the GHGs of CO2, CH4, and 
N2O based on various mitigation strategies adopted. IPCC suggested three 
broad mitigation options to reduce GHG emission from agriculture including 
reducing or avoiding emissions (IPCC, 2007a; Smith et al., 2008). Reducing 
soil disturbance has been advocated as a key strategy to minimise agricultural 
emission and also to mitigate climate change, the mitigation effect being 
realised by enhanced sequestration of carbon in soil (Lal, 2004a; West and 
Post, 2002) and reduced emission of CO2 during decomposition of crop 
residues triggered by ploughing and reduced use of fossil fuel in farm 
operations (West and Marland, 2002a).  
1.2.5 Sequestration of carbon under conservation tillage 
Carbon in soil and biota forms a major component of global carbon cycle  (Lal, 
2004a), and increasing C sequestration in soil can mitigate increasing 
atmospheric CO2 concentration (Kimble et al., 2001). A reduction in soil tillage 
is suggested to increases the rates of carbon sequestration by altering soil 
physico-chemical and biological conditions (Marland et al., 2004). 
Conservation tillage is regarded as an important resource management 
practices that help to sequester as much as 100-1000 kg C ha-1 per year (Lal, 
2004a). The sequestration of carbon within no-till management occurs faster 
under humid conditions with Six et al. (2004) reporting sequestration within 5 
13 
years under such climatic conditions (194 kg C ha-1 yr-1). Example 
sequestration rates obtained under various conservation tillage studies are 
presented in Table 1.4. West and Marland (2002a) obtained a mean carbon 
sequestration rate of 340 kg ha-1 per year from 76 long term experiments for 
extending soil depth of up to 30 cm over 20 years. Similarly a comparable 
sequestration of carbon was noticed by Six et al. (2002) in both tropical and 
temperate soils. The carbon sequestration capabilities increased considerably 
with an increase in duration under conservation tillage, with the increment 
more evident under tropical conditions (Fig. 1.1, P <0.05 for tropical and NS in 
case of temperate). Our meta-analysis suggests the carbon sequestration rate 
under conservation tillage of the top 25 cm soil  was 735 kg ha-1 per year in 
tropical regions against 165 kg ha-1 per year in temperate soils (Fig. 1.2, P 
<0.05 for tropical and P <0.001 for temperate). The changes in carbon 
sequestration is also dependent on many other variables such as crop rotation, 
soil type (Gaiser et al., 2009) and soil drainage (Duiker and Lal, 1999). Mc 
Conkey et al. (2003) noticed a linear relationship with clay content and 
increase in carbon stock under no-till which was further confirmed by Grace et 
al. (2012) who recorded more than double the sequestration rate in clay soils 
compared to sandy soils in India. The ability to sequester carbon also depends 
on the initial carbon content at the initiation of conservation tillage practices as 
there is an upper limit of maximum carbon that could be sequestered. 
Therefore, it is crucial to consider these parameters when evaluating the 
benefits of any conservation tillage programme.  
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Fig. 1.1. Net sequestration of carbon (Mg ha-1) under conservation tillage in 
comparison to conventional tillage as affected by duration under conservation 
tillage in tropical and temperate soils. (F1,55 = 1.42, NS overall, F1,16 = 4.40, P 
<0.05 tropical, F1,37 = 0.54, NS temperate;  for the data sets used please refer to 
Table 1.2)  
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Fig. 1.2. Carbon sequestration rate in tropical and temperate soils (F1,55 = 
16.57, P <0.001 overall, F1,16 = 7.03, P <0.05 tropical, F1,37 = 17.73, P <0.001 
temperate; Please refer to table 1.2 for the sources of data used in this figure).  
 
1.2.5.1 Longevity of sequestered carbon under conservation tillage 
Lal (2004b) suggested carbon sequestration by conservation tillage might be 
viewed as a short-term strategy only. An initial decline of soil carbon has been 
reported under conservation tillage compared to conventional tillage due to the 
absence of the incorporation of residues, and organic inputs into deeper layers 
of soil (Kong et al., 2009). After five years de Rouw et al. (2010) reported a net 
loss of carbon (1.33 Mg ha-1) under no-till plots in comparison to tilled plots in 
Laos. The initial delayed response to sequestration of carbon after conversion 
from conventional tillage was also reported by West and Post (2002) who 
observed little or no increase during 2-5 years and a large increase between 5-
10 years. The time required to reach steady state in carbon sequestration varies 
with respect to climate, soil type and the management practices and can range 
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from 5 to 30 years according to the studies listed in Table 1.4. The initial soil 
carbon content in relation to the equilibrium level that a particular soil can 
achieve is important in deciding the effectiveness of conservation tillage with 
respect to the sequestration (de Rouw et al., 2010). Angers and Eriksen-Hamel 
(2008), found a weak but significant correlation for soil organic carbon (R2 = 
0.15, P = 0.05) with the duration of no-tillage and hypothesised the positive 
effect of no-tillage would increase with time. In our analysis, carbon under 
conservation tillage in tropical regions were significantly correlated with the 
duration of the system (R2 = 0.22, P = <0.001) but this was not significant for 
temperate regions. This is in agreement with the reports that in temperate soils, 
the time period to attain sink saturation is around 100 years, with much lower 
values for tropical soils (Alvaro-Fuentes and Paustian, 2011; Smith, 2004).  
1.2.5.2 Physical aspects of carbon sequestration under conservation tillage 
1.2.5.2.1 Aggregation 
Tillage generally reduces soil aggregation and consequently particulate organic 
matter content (Wright and Hons, 2005). Under tillage, macro aggregates are 
both physically broken up due to shearing forces and by exposure to wet-dry 
and freeze-thaw cycles (Conant et al., 2007). Conservation tillage is known to 
increase sequestration of soil carbon especially in the surface layer and the 
major mechanisms underlying such sequestration is an increase in micro-
aggregation (Lal and Kimble, 1997) and decrease in decomposition of soil 
organic matter (Chatterjee and Lal, 2009). Six et al. (1999b) found proportions 
of crop-derived C in macro aggregates (250̽2000 ȣm)  were similar under 
no-till and conventional tillage, but proportions of crop derived C were three 
times greater in micro aggregates (<53 ȣm) from no-tillage than micro 
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aggregates from conventional tillage. Although the crop derived carbon in 
macro aggregates was similar in both conventional tillage and no-till, the no-till 
system showed 28% more total organic carbon in all aggregate size classes 
compared to conventional tillage (Madari et al., 2005). Six et al. (2000a) 
developed a conceptual model to explain the C sequestration under 
conservation tillage which hypothesised that tillage enhances macro aggregate 
turnover and decreases the formation of new micro aggregates. The 
improvement of soil aggregation and organic carbon by no-tillage has been 
demonstrated by other workers including Wright and Hons (2005) and Mrabet 
et al. (2001b). Six et al. (1999a) attributed the decrease of C sequestration by 
tillage to increased macro-aggregate turnover. Under conservation tillage the 
turnover of macro aggregates are decreased and formation of stable micro 
aggregates occur within macro aggregates (Denef et al., 2007) which serve as 
long term carbon stabilisation sites. The increased macro aggregation and its 
decreased turnover under conservation tillage can cause a 1.5 times slower 
carbon turnover, due to carbon stabilisation within micro aggregates (Six et al., 
2002). 
1.2.5.2.2 Soil Compaction 
A number of studies have indicated that continuous conservation tillage 
practices over the long term reduce bulk density of soil (Dam et al., 2005a; Li 
et al., 2011). Lal et al. (1994) found that after 28 years of maize and soybean, 
the lowest bulk density soil was in no-till soils. In another study a continuous 
no-till system for 43 years significantly decreased bulk density at the surface 
(0-15 cm) of a silt loam soil in Ohio with little effect on the subsurface layer 
(15-30 cm) (Ussiri et al., 2009); the surface decrease being explained by the 
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changes in soil pore structure, carbon content and biological activity with 
greater impact mainly at the surface. The reduction in soil compaction under 
reduced tillage is mainly due to less traffic, additional crop residues at the 
surface (Jastrow et al., 2007) and increased biological activity provided by soil 
macro and micro fauna (Simmons and Coleman, 2008). The lower bulk density 
under conservation tillage may be beneficial for easier root penetration into 
deeper layers and thereby increasing the crop derived carbon input to the soil. 
This is specifically important in the case of deep rooted plants, since 
photosynthates, which are translocated into the below ground portions are 
added to soil through rhizodeposition  (Baker et al., 2007). The decreased soil 
bulk density can aid in the downward movement of surface accumulated 
carbon (Luo et al., 2010b), by preferential accumulation of plant residues 
moving in the soluble fraction (Angers and Eriksen-Hamel, 2008). Blanco-
Canqui et al. (2011) also found a moderate negative correlation between bulk 
density and soil organic carbon throughout a 1 m soil depth under no-till. 
However, there are reports stating continuous conservation tillage might also 
lead to increased soil strength and soil density (Hernanz et al., 2009; 
Schjønning and Rasmussen, 2000). Hill (1990) noticed increased bulk density 
and soil strength in the no-till treatments over a 11-12 year no-tillage 
experiment under continuous maize cultivation in Maryland, USA. Lopez-
Fando and Pardo (2011) found significantly higher surface bulk density under 
no-till soil than conventionally tilled soil over 20 years of experimentation in 
central Spain with a crop sequence of Cheap pea (Cicer arietinum L)/ barley 
(Hordeum vulgare L.). The reasons attributed to increased bulk density under 
conservation tillage systems are increased settling of soil due to lack of 
19 
cultivation (Hermle et al., 2008) which can lead to soil consolidation (Peigne et 
al., 2007). However, the enhanced bulk density might not prevent the growth of 
roots if pore continuity is enhanced by creation of more biological macropores 
(Peigne et al., 2007). 
1.2.5.2.3 Soil structure and porosity 
Soil structure is an important factor in determining the sequestration or 
decomposition of organic matter as it governs the physical space for 
microorganisms aiding their actions in terms of aeration and moisture supply 
(Strong et al., 2004) $ VRLO¶V porous network and organic matter are 
inseparable entities and the relative dynamic changes between the two entities 
vary in space and time. Kay and VandenBygaart (2002) reported reduced 
tillage might cause a decline in total porosity with an increased porosity in the 
uppermost layer of soil near to the crop residues. Direct drilling or reduced 
tillage practices initially lead to a reduction in macro pore volume in soil which 
ultimately reduces diffusion of air into soil in comparison to conventional 
tillage (Schjønning and Rasmussen, 2000). However, with the adoption of 
conservation tillage macro porosity increases gradually, especially in the soil 
surface  (Zhang et al., 2007) due to retention of stubble (Bronick and Lal, 
2005) and formation of macro pores by the activities of soil organisms and 
plant roots (Kay and Vanden Bygaart 2002). Arshad et al. (1999) observed 
more micro pores under conservation tillage than conventional tillage. The 
smaller aggregates have a higher capacity for protection of organic matter than 
larger aggregates due to their smaller pore sizes (Bachmann et al., 2008). In 
undisturbed conditions, as in the case of conservation tillage, the organic 
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matter lying between aggregates or inside larger aggregates are less prone to 
microbial attack. 
1.2.5.2.4 X-ray Computed Tomography- Advanced techniques to measure soil 
pore characteristics 
 Introduction  1.2.5.2.4.1
The development of X-ray Computed Tomography has been attributed 
foremost to Godfrey Hounsfield (Hounsfield, 1973). Initially the first uses were 
in the medical field with its first use in soil science by Petrovic et al. (1982). 
The basic principle of CT is the attenuation of an electromagnetic beam from 
an object of interest. When the X-ray passes through the sample, attenuation of 
the X-ray beam occurs, which is then recorded on a detector (Heeraman et al., 
1997) (Fig. 1.3). For homogenous samples, the attenuation of monochromatic 
beam like X-ray can be described by Beer`s law as: 
I/Io = exp(-µh) 
Where, µ is the linear attenuation coefficient (L-1), Io the intensity of incident 
X-ray beam and I that of attenuated and h is the sample thickness. The image 
obtained from CT scanning represents the linear attenuation coefficient of an 
object which is related to density of material. Although, the attenuation of an 
X-ray beam caused by highly heterogeneous soil cannot be accurately 
described by this law. Different workers have modified the equation to suit an 
heterogeneous systems like soil by summing up the length of the path 
corresponding to each component of soil (Ferraz and Mansell, 1979).  
X-ray CT is now widely used in the study of soil physical properties following 
the initial work of Petrovic et al. (1982), who studied soil bulk density. The 
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technique provides a good tool for assessing soil structural changes induced by 
cultivation practices (Papadopoulos et al., 2009; Pires et al., 2002; Taina et al., 
2008).  
 
Fig. 1.3. Schematic representation of working principle of X-ray CT 
(http://www.ge-mcs.com)  
 Study of tillage systems by X-ray CT 1.2.5.2.4.2
Olsen and Borresen (1997) used X-ray CT to compare different tillage 
practices and found a compacted layer with reduced macropores at depths 
below the plough layer whilst soils with reduced tillage exhibited a more 
uniform profile uniform in bulk density. Atkinson et al. (2009) used micro-CT 
to study the impact of cultivation on soil structure and the establishment of 
winter wheat. The technique was used for study of soil surface sealing (Pires et 
al., 2002) and impact of falling water on soil (Macedo et al., 1998). 
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 Studies on pore size and distribution in soil by X-ray CT 1.2.5.2.4.3
Soil pores can be classified as macro-pores (75-100 µm), meso pores (30-75 
µm), micro pores (5-30 µm), ultra-micro pores (0.1-5 µm) and crypto pores 
(0.01-0.1 µm) (Lugato et al., 2009). Soil macropores constitute an important 
pathway in aiding the flow and transport of water and air in soil (Perret et al., 
1999). Different characteristics of soil pores like pore size, pore shape, pore 
continuity and tourtosity affect the liquid and air transport (Luo et al., 2010a). 
These pore characteristics are greatly influenced by textural properties of soil 
(Mooney and Morris, 2008) and land use practices (Zhou et al., 2008). The use 
of X-ray CT for study of pore characteristics at a finer resolution have been 
used by different workers. Udawatta and Anderson (2008) found land use like 
trees and grass possessed deeper and longer pores when compared to cultivated 
fields. Mooney and Morris (2008) and Lugato et al. (2009) used X- ray CT to 
study water flow mechanisms in texturally different soils and found mean pore 
size decreased with decreasing particle size. Luo et al. (2010a) illustrated that 
soil type and land use significantly impacted the soil pore characteristics.  
1.2.5.3 Chemical aspects of carbon sequestration under conservation tillage 
Soil organic matter consists of different fractions with varying physico-
chemical properties, each of which differs in turnover time (Del Galdo et al., 
2003). Tillage alters aggregate dynamics and prevents the formation of 
stabilised carbon fractions such as intra particulate organic carbon (Six et al., 
1999a). The turnover of soil organic matter is dependent upon the type of 
organic matter in soil with the labile fraction requiring only 0.4 to 1.2 years for 
decomposition whereas many years (400-2200) are required to decompose 
passive pools comprising of humic fractions for cold temperate soil (Lal and 
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Kimble, 1997). Microbially transformed substances are converted into humic 
forms through the intermediaries of quinones and amino compounds, the 
reaction being mediated by biological and inorganic catalysts (Stevenson, 
1994). The main determinant in this phenol oxidation is oxygen availability 
which is directly related to cultivation practices in soil and soil porosity 
(Jastrow et al., 2007). Thus conservation tillage, by directly affecting the 
physical characteristics, governs the chemistry of soil carbon dynamics.  
1.2.5.4 Biological aspects of carbon sequestration under conservation tillage 
The number and diversity of soil organisms has been reported to increase with 
a reduction in tillage (Roger-Estrade et al., 2010). Soil microorganisms 
improve soil aggregation and thus indirectly influence carbon cycling by 
helping the physical protection of soil organic matter (Noguez et al., 2008). 
Peigne et al. (2007) found conservation tillage systems contained more fungi 
than bacteria in the surface layers. Fungi have the capacity to efficiently 
sequester carbon in aerobic conditions in agricultural systems. Fungi are 
reported to have greater carbon utilisation efficiency than bacteria. Fungi attach 
more frequently on lignitic materials, producing monomers which are 
important constituents of humic materials and the residues of fungal death cells 
are resistant to microbial degradation (Jastrow et al., 2007). Mycorrhizal fungi 
are effective in increasing soil organic carbon through their effect on soil 
aggregation and also are efficient in securing carbon from the plant and thus 
add extra carbon to soil organic matter (Manns et al., 2007). Tillage 
incorporates crop residues and places them close to decomposers while under 
conservation tillage they are initially kept away from decomposers (de Rouw et 
al., 2010). Under conservation tillage systems, with less disturbance, fungal 
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hyphae grow and form bridge structures between soil and surface residues and 
form a major component of the soil fabric (Jastrow et al., 2007). These hyphal 
masses, upon decomposition, add to the soil carbon pool by way of the 
recalcitrant by-products of decomposition.  
1.2.5.5 Impact of soil depth on carbon sequestration under conservation 
tillage 
Previous work to estimate carbon sequestration benefits under conservation 
tillage has been criticised, as the depth of sampling has mostly been limited to 
the surface 20 cm or less (Baker et al., 2007). In our meta-analysis it was found 
that carbon sequestration under conservation tillage takes place irrespective of 
soil depth (Fig. 1.2). Significantly higher carbon was sequestered under 
conservation tillage compared to conventional tillage, under both tropical (R2 = 
0.31, P <0.05) and temperate conditions (R2 = 0.32, P <0.001) to a depth of 
upto 160 cm. Multiple linear regression of carbon sequestration with depth and 
duration of tillage also indicated significant carbon increases under tropical (P 
<0.01) and temperate conditions (P <0.001). Angers and Eriksen-Hamel (2008) 
also found significantly greater soil organic carbon under no-tillage compared 
to full inversion tillage at depths up to 30 cm, by comparing 23 studies with 
duration of zero-till of more than 5 years sampled to more than 30 cm depths. 
The greater soil carbon under subsurface depths in full inversion tillage was not 
sufficient to offset the surface gain under no-tillage. Similarly Six et al. (2002) 
also found a net sequestration of carbon to a depth of 50 cm after 20 years of 
no-tillage. In a long term tillage experiment ofr 17 years by Lopez-Fando and 
Pardo (2011) a significant effect of conservation tillage on carbon sequestration 
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in the top 30 cm depth was found. This indicates that a net carbon sequestration 
is possible under conservation tillage when the whole soil profile is considered. 
1.2.6 Greenhouse gas emission under conservation tillage 
1.2.6.1 Carbon dioxide emissions under conservation tillage 
Decomposition of plant residues and organic matter by the action of soil 
microbes and respiration of microbes and plant roots are the major sources of 
emission of CO2 in soil (Oorts et al., 2007). Immediately after tillage, the 
emission of CO2 is rises. Chatskikh et al. (2007) reported a 34 % increase in 
emissions under tilled soil compared to reduced tilled soil in Denmark. Ellert 
and Janzen (1999) showed enhanced release of CO2 immediately after tillage 
which was associated with the release of CO2 stored in soil pores and from 
stimulated biological production. The CO2 flux soon after soil disturbance has 
been related to depth and the degree of soil disturbance (Álvaro-Fuentes et al., 
2007). In the initial periods after tillage the soil CO2 emission might be 
governed by soil structural changes associated with pore structure and soil 
organic carbon substrate might not be the limiting factor controlling production 
(Al-Kaisi and Yin, 2005). Over an intermediate to long term period (10-100 
days) enhanced biological production of CO2 is the major driver of the 
increased emissions. Reduced turnover of soil organic matter under 
conservation tillage leads to decreased emission of CO2 under long term 
conservation tillage. In south-western Saskatchewan, Canada, there was a 20-
25% reduction in CO2 flux under soils that had been zero tilled for 13 years 
compared to conventional tillage attributed to slower decomposition of surface 
left crop residues under zero tilled soil (Curtin et al., 2000). In a long term 
tillage experiment maintained for 25 years, Bauer et al. (2006) found that 
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irrespective of season, the CO2 flux from conventional tillage was higher 
compared to conservation tillage. Zero tillage is reported to reduce the CO2 
emission rate by 0.6 Mg C haí1 yrí1 compared to conventional tillage in long 
term experiment under maize (43 years) in the USA (Ussiri and Lal, 2009). In 
contrast, a long term study by Oorts et al. (2007) found on more than half of 
the sampling days, no-tillage exhibited larger CO2 emissions and they 
attributed this to the achievement of equilibrium under long periods (32 years) 
of no-tillage. The authors attributed this larger CO2 emission under no-tillage 
due to the decomposition of old weathered residues. 
1.2.6.2 Nitrous oxide emissions under conservation tillage 
Many workers have reported increased N2O emission under no-tillage 
compared to conventional tillage (Ball et al., 1999; Chatskikh and Olesen, 
2007; Oorts et al., 2007). This has been attributed to decreased water filled 
pore space , mineral nitrogen concentration (Oorts et al., 2007), reduced gas 
diffusivity and air-filled porosity (Chatskikh and Olesen, 2007), increased 
water content (Blevins et al., 1971) and a denser soil structure (Beare et al., 
2009; Schjønning and Rasmussen, 2000). Increased N2O fluxes under 
conservation tilled soils might be attributed to the increased anaerobic 
conditions provided by the increased bulk density and decreased soil porosity 
due to soil consolidation (Ball et al., 1999). The physical characteristics of the 
soil in different layers, as modified by different tillage practices, affect the flux 
of N2O. If N2O is produced at surface layers, which are more permeable, the 
gas is likely to be emitted, but if the point of production is in lower layers, 
overlaid by compact layers, the N2O produced may be consumed within the 
profile. Although N2O emission is quantitatively less in comparison to CO2 
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emission, it assumes significance due to its larger global warming potential 
(approximately 300 times that of CO2) (IPCC, 2001). Indeed, increased N2O 
emissions have the potential to offset 75-310% of the climate change 
mitigation obtainable from the sequestration of carbon in soil (Regina and 
Alakukku, 2010). The adoption of conservation tillage over a long term (20 
years) was reported to nullify this adverse effect of N2O emissions with lower 
N2O emissions under no-tillage than under tilled soil in humid climates and 
similar emissions under both tillage types in dry climates (Six et al., 2004). 
Similar reports were also made by Kessavalou et al. (1998) and Chatskikh et al. 
(2008) attributable to increased N2O consumption in soil (Luo et al., 2010b). 
However the uncertainty associated with estimation of N2O remains high in 
most experiments due to significant spatial and temporal variability (Chatskikh 
et al., 2008; Ussiri et al., 2009). It seems that further long term location-
specific studies combining different greenhouse gases and carbon sequestration 
are urgently needed to investigate the impact of conservation tillage on N2O 
flux.  
1.2.6.3 Methane emissions under conservation tillage 
Most studies indicate an increased absorption of CH4 in soils under no tillage 
due to reduced surface disruption (Kessavalou et al., 1998; Regina and 
Alakukku, 2010), and due to greater pore continuity with the presence of more 
micro sites for methanotrophic bacteria (Hütsch, 1998). This increased soil 
bulk density under conservation tillage might prevent the efflux of CH4 leading 
to its oxidation within soil (Li et al., 2011). Long term studies by Ussiri et al. 
(2009) indicated a net CH4 uptake in no-till silt loam soils under maize in the 
USA. They found an uptake of 0.32 kg CH4-C ha-1 year-1 against an emission 
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of 2.76 kg CH4-C ha-1 year-1 in conventional till.  Continuous ecological 
disturbance under tillage can be detrimental to methane oxidisers. Most 
previous studies indicate conservation tilled soils act as a net sink for methane. 
However, both increased and decreased CH4 consumption has been reported in 
no-till soils (Hütsch, 1998; Venterea et al., 2005).  If a conservation tillage 
system creates anaerobic micro sites or makes conditions favourable for 
enhanced water logging conditions, then it is likely CH4 production and 
therefore emissions will increase. 
1.2.6.4 Net emission of greenhouse gases 
To obtain a realistic assessment on the potential of conservation tillage 
reducing GHG, the combined emission of all major GHGs need to be 
considered.  There are very few studies that have considered the global 
warming potential of different gases under conservation tillage systems. Some 
long term studies have indicated a stabilisation of N2O emissions under 
reduced tillage over 20 years especially in humid climates (Six et al., 2004). 
Ussiri et al. (2009) observed a lower total emission of N2O under 43 years of 
no-till in comparison to conventional tillage. In their study the global warming 
potential under no-till systems were 51 to 58% less than under conventional 
tillage. A complete life cycle analysis of a no-till system and conventional till 
system was carried out by West and Marland (2002b) based on comparison of 
76 long-term experiments up to a soil depth of 30 cm. After accounting for the 
CO2 emissions from different inputs and production activities for maize, wheat 
and soybean in the US and comparing carbon sequestered under no-till, they 
calculated a net carbon sequestration of 368 kg C ha-1 year-1 (In this study C 
emissions from machinery and agricultural inputs were also included in 
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calculations) However a global data analysis of no-till versus conventional 
tillage covering tropical and temperate soils found that, after accounting for the 
carbon sequestered and CH4 taken up in soil, net sequestration was negative 
with an overall negative greenhouse balance of 214 kg CO2- equivalents ha-1 
year-1 (Six et al., 2002). This analysis only compared systems with tillage or 
no-tillage elements excluding experiments with the potential for additional 
carbon sequestration such as cover crops and crops in rotation. Robertson et al. 
(2000) found, during eight years of experimentation, a low net global warming 
potential under no-till (14 g CO2- equivalents m-2 year-1) compared to 
conventional till (114 g CO2- equivalents m-2 year-1). The slightly higher or 
comparable N2O emission under no-till was compensated for by enhanced 
carbon storage. Reduced tillage can decrease net GHG release by 0.56 Mg 
CO2- equivalents ha-1 year-1 compared to conventionally tilled soil as shown by 
Chatskikh et al. (2008) under a 30 years simulation experiment while field 
studies for 43 years by Ussiri et al. (2009) found a decrease of 1.03 Mg CO2- 
equivalents ha-1 year-1 under conservation tillage compared to conventional 
tillage (52% reduction).  
Overall the literature suggests zero tillage reduces GHG emissions in the long 
term, but crucially some uncertainty exists as to how long these effects can be 
observed. To date most studies indicate a reduction in the overall release of 
radiatively active trace gases suggesting no-tillage may have significant 
potential for reducing the impact of climate warming. However, large 
uncertainties remain and further work is needed both to define the underlying 
mechanisms and understand the variation between agricultural systems. At 
present a quantitative meta-analysis of the greenhouse gas data from soil was 
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not possible due the large variation in the data sets with regard to methodology 
adopted. 
1.2.7 Soil quality and yield responses under conservation tillage 
Our analysis of previous research suggests little consistent effect of zero till on 
yield with 53% of publications in this area reporting an increase in crop yield 
under conservation tillage, whereas only 46% reported higher yield under 
conventional management (n=63). The most negative effects have been 
recorded in maize with an average of 36.4% reduction in maize yield under 
conservation tillage over 10 years reported in 15 publications (Fig. 1.4). The 
data on winter wheat generally suggest little effect on yield following the 
adoption of conservation tillage over conventional tillage (0.94% reduction) 
(Fig. 1.5), though an 8% reduction in barley yield was noted over 10 years. 
However, the research is conflicting with Machado et al. (2007) reporting a 
yield reduction of 21 and 15% in wheat and barley respectively over six years, 
with zero tilled soils compared with conventionally tilled soils. Reduced cereal 
yields under short term conservation tillage practices have been also reported 
by Kankanen et al. (2011). A meta-analysis of 47 European studies by Van den 
Putte et al. (2010) compared the crop yields under conservation tillage with 
conventional tillage and reported a yield reduction ranging from 0 to 30% 
depending on crop type, tillage depth, and texture of soil as well as crop 
rotation, with an average yield reduction of 4.5%. The major constraint for 
realising good yields under conservation tillage is the infestation of weeds 
(Vakali et al., 2011). Weeds compete with the seedlings for the important 
resources necessary for growth such as light, water, nutrients and space, that  
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Fig. 1.4. Yield advantage over years under conservation tillage over 
conventional tillage in maize and soybean (Statistically non-significant, this 
figure is based on references cited in table 1.3). 
 
 
Fig. 1.5. Yield advantage over years under conservation tillage over 
conventional tillage in winter wheat (Statistically non-significant, this figure is 
based on references cited in table 1.3). 
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may lead to poor germination, establishment and crop growth (Gruber et al., 
2012). The surface retention of crop residues may adversely affect the crop 
yield. Increased accumulation of crop residues, especially straw residues in 
poorly drained soils, can increase water logging and reduce crop yield by 
affecting germination (Wang et al., 2006). Surface residues may also impact on 
crop yields by affecting initial seedling establishment by acting as a favourable 
niche for pests and disease causing organisms (Wuest et al., 2000) and 
reducing the efficiency of applied fertilisers and pesticides as well as affecting 
the drying and wetting regimes of the soil (Carter, 1994; Känkänen et al., 
2011). Residues left on the surface may also affect nutrient availability to the 
crops, especially, with nitrogen due to immobilisation.  
Through the stabilisation of the soil physico-chemical and biological 
environment, the negative effects of conservation tillage on yield can be offset 
in the long term thereby supporting enhanced crop yields in the future. Wang et 
al. (2006) found an increased yield under soybeans of 7.7% with conservation 
tillage over 10 years compared to conventional tillage (Fig 1.3). The increased 
yields under conservation tillage were mainly ascribed to non-disturbance and 
retention of crop residues at the surface. The positive aspects of surface 
retention of crop residues are a reduction in evaporation losses from soil, 
reduction in crust formation and potential of soil erosion (Guérif et al., 2001). 
In dry regions such as north west China, crop residues left at the surface can be 
helpful for storing water (Huang et al., 2008) and in temperate regions it can 
prevent frost damage. Long term tillage experiments in Switzerland over 15 
years found comparable yields of wheat under reduced and conventional tillage 
systems (Anken et al., 2004), as also reported for maize yield under 11 years of 
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experimentation in Canada (Dam et al., 2005b). When combining conservation 
tillage with retention of stubbles, Huang et al. (2008) obtained 12.5% more 
field pea yield and 14% more spring wheat yield under conventional tillage 
over four years of experiments. They observed that the yield advantage of 
conservation tilled plots with respect to conventional plots, disappeared when 
the stubbles were removed, indicating the necessity of combining both no-
tillage and residue retention to maximise productivity.  
From these studies it can be concluded that there is potential for crop yields to 
be increased or maintained under conservation tillage by carefully addressing 
the yield limiting factors such as weed growth, slow initial growth, nutrient 
deficiency, pest pressure and hardened subsurface etc. (Lyon et al., 1998; 
Machado et al., 2007). It is worth noting that when considering the benefits of 
conservation tillage over conventional tillage, there are other considerations 
than yield, as often a slight reduction in yield can be overcome by reduction in 
cultivation costs. 
The adoption of conservation tillage as a part of a change in management 
system in combination with other sustainable land use management options 
such as diversified crop rotation involving non-cereals (Van den Putte et al., 
2010) and controlled traffic farming (Hamza and Anderson, 2005) can harness 
even better results. Infrequent tillage has been suggested as an alternate 
strategy to address the problem of compaction and weed growth. Conant et al. 
(2007) observed such practices can sequester nearly as much as carbon as 
continuous no-till systems based on a modelling study. Indeed, field studies on 
periodic tillage by Yang et al. (2008) found tilling of a long term no-till 
experiment (13 years) destroyed the surface stratification of soil carbon in the 
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0-5 cm layer, which was offset by soil carbon gains in the 10-20 cm depth. 
Similar results were reported by Kettler et al. (2000) and Pierce et al. (1994). 
However, such studies need to be conducted for each agro-ecological region to 
determine the fine balance between offsetting greenhouse gas emissions and 
maintaining good yields. The yield perspective is also important from a global 
change stand point. As C sequestration is also affected by biomass which in 
turn is correlated with higher crop yield (de Rouw et al., 2010) and hence 
maintaining crop yield at satisfactory levels is important both for food security 
and climate change mitigation.  
Conservation tillage can be beneficial in sequestering carbon not only at the 
surface, but also in deeper layers, in both tropical and temperate climatic 
conditions. The greatest concern regarding the ability to contribute to 
mitigating climate change through conservation tillage relates to the reported 
enhanced emission of N2O. However reduced N2O emissions under 
conservation tillage over longer timescales (e.g. 20 years) have been reported 
recently (Chatskikh et al., 2008; Six et al., 2004). Adopting appropriate 
agronomic management including weed control, crop rotation and cover crops 
and controlled traffic systems to control N2O emissions may be beneficial in 
addressing the problem of yield reduction along with the environmental 
benefits. The location specific yield reduction under conservation tillage can 
potentially be overcome by careful attention to yield limiting factors such as 
weed growth, pest outbreak and nutrient deficiency.  
Summary 
The previous studies on the effect of conservation tillage on mitigating climate 
change were mainly carried out in isolation looking into the effect individually. 
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Also physical factors governing emission of greenhouse gases and carbon 
sequestration in soils under conservation tillage is not given due attention in 
previous studies. No previous studies have considered the effect of the soil 
porous architecture created by tillage on net balance of greenhouse gas 
emissions. Traditional methods for inferring soil structure such as soil moisture 
retention curves are limited as they are destructive and do not provide the soil 
pore size distribution in three dimensions(Gantzer and Anderson, 2002). 
However, imaging technologies such as X-ray Computed Tomography (CT) 
can be used to reveal the undisturbed structure, aggregation and pore 
characteristics of soils at high resolutions (e.g. microscale). To address these, 
following research aims and objectives were formulated.  
1.3 Research aim and objectives 
The overall aim of this project was to investigate the effect of soil physical 
properties, especially soil pore characteristics, as affected by different 
cultivation practices on microbial activity, carbon sequestration and 
greenhouse gas (GHG) release from soils. X-ray Computed Tomography (X-
ray CT) was used to study the soil pore characteristics. Chemical and microbial 
analysis and observations on gaseous release was used to understand how the 
emission of GHG depends upon different soil management systems and the 
physical and microbial basis of carbon sequestration in soil. The overarching 
hypothesis is: 
³&RQVHUYDWLRQWLOODJHFDQEHXVHGLQWKHPLWLJDWLRQRIFOLPDWHFKDQJHWKURXJK
reduction of greenhouse gas loss from soil and sequestration of carbon in soil, 
and is both microbially and physically mediated´ 
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To address this, the following sub aims have been developed. 
1. To investigate the effect of different soil tillage practices on soil pore 
characteristics. 
± This is addressed in Chapter 2 and 4 
2. To understand the effect of different aggregate size classes as derived 
by different soil management systems on the physical characteristics of 
soil and emission of GHGs such as CO2, CH4 and N2O. 
± This is addressed in Chapter 3 
3. To study the climate mitigation capabilities of conservation tillage 
practices in comparison to conventional tillage systems based on its 
physico-chemical and biological properties. 
-This is addressed in both Chapters 4 and 5. 
4. To investigate the biophysical and microbial mechanisms of carbon 
sequestration in soil. 
± This is addressed in Chapter 5. 
1.4 Thesis structure 
This thesis is presented in a research paper format. Chapter 1 has provided an 
overview of the problem to be addressed in this thesis, the rationale of the 
study, some background information in the form of a literature review along 
with the research aims and objectives. Chapter 2 provides the results from a 
preliminary pilot experiment conducted on soils both texturally different and 
under contrasting management regimes. Chapter 3 assesses the effect of 
aggregates of different sizes in sandy loam and clay loam soil on soil pore 
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characteristics, hydraulic properties and greenhouse gas emission from soil. 
This work has been published in Soil and Tillage Research. Chapter 4 assesses 
impact of conservation and conventional tillage practices on soil pore 
characteristics, carbon sequestration and greenhouse gas emissions and net 
effect on total global warming potential, based on soil sampling on 
conservation and conventional tilled farms across East Midlands, UK. Chapter 
5 provides the microbial and biological basis of carbon sequestration in soils 
under conservation and conventionally tilled soils. Chapter 6 provides a 
general discussion of key results and findings presented in each chapter and 
highlight the major conclusions from the research along with possible future 
lines of work. A detailed description of most of the laboratory techniques and 
procedures are given in appendix. 
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Table 1.1. Area under conservation tillage in different countries (Adopted from 
(Derpsch and Friedrich, 2009) 
 
 Country 
Area under conservation tillage 
(Mha) as of 2007-2008 
USA 26593 
Brazil 25502 
Argentina  19719 
Canada  13481 
Australia  12000 
Paraguay  2400 
China 1330 
Kazakhstan  1200 
Bolivia 706 
Uruguay 672 
Spain 650 
South Africa 368 
Venezuela 300 
France 200 
Finland  200 
Chile 180 
New Zealand 162 
Colombia 100 
Ukraine 100 
Others 1000 
Total  105863 
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Table 1.2. Carbon stock reported under conventional and zero-tillage around the globe. 
 
Sl 
No 
Author Study area Soil texture Years 
under no-
tillage 
Crops Depth to 
which C 
reported 
Carbon- 
Conventional 
(Mg ha-1) 
Carbon -
under ZT 
(Mg ha-1) 
Climate 
1 Sombrero 
et al. 
(2010) 
Burgos, Spain  Loamy sand 
in surface 
10 Cereal ± fallow, 
Cereal legume 
30  4.6  17.80  Temperate  
2 Deen et al. 
(2003) 
Ontario, 
Canada 
Silt loam 25 Maize, Soybean 60 36.7 39.0 Temperate 
3 Lopez-
Fando et al. 
(2011) 
Toledo, 
Central Spain  
Loamy sand  16 Chick pea, barley 30 26.5 32.6 Temperate 
4 Chatterjee 
et al.  
(2009) 
Michigan, US Clay loam 10 Maize-soybean 60 97.6  104.0 Temperate 
5 Chatterjee 
et al. 
(2009) 
Ohio, US Clay loam, 
silty clay 
loam 
10 Maize-soybean 60 82.3 79.0 Temperate 
6 Chatterjee 
et al. 
(2009) 
Ohio, US Loam 15 Maize-soybean 60 117.0 143.0 Temperate 
7 Chatterjee 
et al. 
(2009) 
Ohio, US Silt loam 6 Maize-soybean 60 46.3 66.7 Temperate 
8 Chatterjee 
et al. 
(2009) 
Pennsylvania, 
US 
Loam 30 Maize-alfalfa 60 96.4 83.4 Temperate 
9 Puget et al. 
(2005) 
Ohio, US Silty clay 
loam 
8 Maize 20 88.5 90.9  Temperate 
10 Dolan et al. 
(2006) 
Minnesota, US Silt loam 23 Soybean, maize 40 117.0 106.0 Temperate 
11 Kahlon et 
al. (2013) 
 
Ohio, US Silt loam 22 - 15 21.4 27.6  Temperate 
 
40 
12 Yang et al. 
(2008) 
Ontario, 
Canada 
Clay loam 8 Maize, maize-
soybean rotation 
30 104.8 112.9 Temperate 
13 Yang et al. 
(1999) 
Urbana, US Silt loam 8 Soybean 30 46.6 58.5 Tropical 
14 Lou et al. 
(2012) 
Jianping 
county, China 
Sandy loam 12 Maize 100 87.6 93.1 Temperate 
15 Lou et al. 
(2012) 
Changtu 
county, China 
Loam 5 Maize 100 95.4 96.3 Temperate 
16 Jemai et al. 
(2012) 
Mateur, 
Tunisia  
Clay loam 3 Wheat/faba bean 
rotation 
50 83.9 80.2 Temperate 
17 Jemai et al. 
(2012) 
Mateur, 
Tunisia 
Clay loam 7 Wheat/sulla 
rotation 
50 83.9 73.1 Temperate 
18 Lal (1997) Ibadan, 
Nigeria 
Sandy  8 Maize 10 2.0 2.4 Tropical 
19 Larney et 
al. (1997) 
Alberta, 
Canada 
Sandy clay 
loam to clay 
loam 
7 Spring wheat - 
fallow 
15 27.1 29.2 Temperate 
20  Larney et 
al. (1997) 
Alberta, 
Canada 
Sandy clay 
loam to clay 
loam 
7 Continuous spring 
wheat 
15 31.0 33.0 Temperate 
21 Sisti et al. 
(2004) 
Passo Fundo, 
Brazil 
Clay 13 Wheat-soybean 
rotation 
30 60.7 65.0 Tropical 
22 Metay et al. 
(2007) 
Cerrados, 
Brazil 
Clay 5 Leguminous 
cover crops 
10 19.9 22.3 Tropical 
23 Dendooven 
et al. 
(2012) 
Central 
Mexico 
Clay 19 Wheat and maize 60 76.8 117.7 Tropical 
24 Varvel et 
al. (2011) 
Lincoln, US Silty clay 
loam 
20 Maize, soybean 60 90.5 114.4 Temperate 
25 Varvel et 
al. (2011) 
Lincoln, US Silty clay 
loam 
20 Maize, soybean 90 104.8 138.6 Temperate 
26 Varvel et 
al. (2011) 
Lincoln, US Silty clay 
loam 
20 Maize, soybean 120 123.3 165.4 Temperate 
27 Plaza et al. 
(2012) 
Santa Olalla, 
Toledo, Spain 
Sandy loam 25 Barley 20 21.5 24.6 Temperate 
41 
28 Dalal et al. 
(2011) 
Queensland, 
Australia 
Clay 40 Wheat, barley 10 19.8   20.2 Temperate 
29 He et al. 
(2011) 
Hebei 
province, 
China 
Silt loam 11 Summer maize, 
winter wheat 
30 6.1 6.6 Temperate 
30 Ussiri et al. 
(2009) 
Ohio, US Silt loam 43 Maize  30 44.8 80.0 Temperate 
31 Hao et al. 
(2001b) 
Alberta, 
Canada 
Clay loam 4 Spring wheat±
sugar beet±spring 
wheat±annual 
legume 
15 28.3 30.1 Temperate 
32 Jacobs et 
al. (2009) 
Göttingen, 
Germany 
Silt loam 40 Forage maize, 
winter 
wheat/mustard, 
pea, winter wheat 
and winter wheat. 
20 2.7 3.2 Temperate 
33 Jacobs et 
al. (2009) 
Göttingen, 
Germany 
Silt loam 40 Forage maize, 
winter 
wheat/mustard, 
pea, winter wheat 
and winter wheat. 
20 3.0 3.4 Temperate 
34 Jantalia et 
al. (2007) 
Planaltina, 
Distrito 
Federal, 
Cerrado, 
Brazil 
Clay 20 Soybean based 
rotations 
30 64.8 85.9 Tropical 
35 Bayer et al. 
(2000) 
 Rio Grande 
do Sul State, 
Brazil 
Sandy clay 
loam 
9 Oat /maize 30 44.6 49.2 Tropical 
36 Bayer et al. 
(2000) 
 Rio Grande 
do Sul State, 
Brazil 
Sandy clay 
loam 
9 Oat+common 
vetch /maize 
+cowpea  
30 50.2 56.6 Tropical 
37 Fuentes et 
al. (2010) 
 
Central 
Mexico 
Clay  16 Maize 20 27.5 36.2 Tropical 
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38 Fuentes et 
al. (2010) 
Central 
Mexico 
Clay  16 Wheat 20 27.3 40.0 Tropical 
39 Clapp et al. 
(2000) 
Minnesota, US Silt loam 13 Maize, soybean, 
oats  
15 49.7 50.4 Temperate 
40 Jantalia et 
al. (2007) 
Planaltina, 
Distrito 
Federal, Brazil 
Clay 20 Rice, soybean, 
maize 
30 71.6 85.9 Tropical 
41 Varvel et 
al. (2011) 
Lincoln, US Silty clay 
loam 
19 Continuous maize 
and soybean  
150 131.6 171.3 Temperate 
42 He et al. 
(2011) 
Gaocheng 
North China  
Silt loam 11 Summer maize 
and winter wheat 
30 19.6 18.2 Temperate 
43 Ernst et al. 
(2009) 
Southern Eifel, 
Germany 
Silt loam 10 Rape, winter 
wheat, winter 
barley, and spring 
barley 
30 57.8 54.2 Temperate 
44 De M. Sa et 
al. (2001) 
Tibagi, Ponta 
Grossa- Brazil 
Clay 20 Rice, Soybean, 
Wheat 
40 97.9 115.4 Tropical  
45 Sainju et al. 
(2002) 
Georgia, USA Sandy loam 6  Tomato or silage 
maize 
20 20.8 24.4 Temperate 
46 Kushwaha 
et al. 
(2001) 
Banaras, India Sandy loam 1 Barley 10 9.9 12.0 Tropical 
47 Freixo et al. 
(2002) 
Passo Fundo 
Brazil 
Clayey 13 Wheat- Soybean 30 68.1 68.5 Tropical 
48 Freixo et al. 
(2002) 
Passo Fundo 
Brazil 
Clayey 13 Wheat- Soybean, 
Veltch-Maize 
30 65.4 66.7 Tropical 
49 Castellanos
-Navarrette 
et al. 
(2012) 
Central 
Mexico 
Clay loam 17 Maize±wheat 
rotation  
30 35.4 44.1 Tropical 
50 Jarecki et 
al. (2005) 
 
 
 
Ohio Silt loam 14 Continuous maize 50 51.4 54.7 Temperate 
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51 Ernst et al. 
(2009) 
Paysandú, 
Uruguay 
Clay loam 10 Wheat, barley, 
and oat for winter 
crops and maize, 
sunflower, 
sorghum, and 
soybean for 
summer crops 
18 47.3 51.8 Temperate 
52 Mrabet et 
al. (2001a) 
Sidi El Aydi, 
Morocco 
Clay 11 Wheat- maize, 
lentils fallow 
20 33.9 37.3 Temperate 
53 Abreu et al. 
(2011) 
Oklahoma, US Silt loam 5 Soybean±maize±
wheat±soybean±
maize 
110 101.6 119.2 Temperate 
54 Abreu et al. 
(2011) 
Oklahoma, US Silt loam 7 Wheat±soybean±
maize 
110 111.6 127.4 Temperate 
55 Abreu et al. 
(2011) 
Oklahoma, US Silt loam 5 Maize±wheat 110 104.5 116.3 Temperate 
56 Abreu et al. 
(2011) 
Oklahoma, US Silt loam 12 Wheat/soybean/gr
ain sorghum 
110 72.1 81.9 Temperate 
57 Zanatta et 
al. (2007) 
Rio Grande do 
Sul State, 
Brazil.  
Sandy clay 
loam 
18 Oat/maize 30 41.8 46.5 Tropical 
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Table 1.3. Reported yields under various crops in zero till and conventional 
tillage systems. 
Sl 
no. 
Reference Study area Soil texture Annual 
Rainfall 
Years 
under 
zero till 
Crops Yield 
Zero till 
(kg ha-1) 
Yield-
Conventio
nal till (kg 
ha-1) 
Studies reporting increased yields under zero till 
1 Chen et al. 
(2011) 
Northeast China Clay loam 530  6 Soybean 2659 2441 
2 Su et al. 
(2007) 
Henan Province, 
China 
Loam 614  6 Winter 
wheat 
4679 4125 
3 Hemmat and 
Eskandari 
(2006) 
East Azerbaijan 
Province, Iran 
Clay loam 375 3 Winter 
wheat 
1435 1014 
4 Vogeler et 
al. (2009) 
Braunschweig, 
Germany  
 Silty loam 620 8 Winter 
wheat 
5790 5680 
5 Vogeler et 
al. (2009) 
Braunschweig, 
Germany  
 Silty loam 620 8 Field 
beans 
2910 2520 
6 He et al. 
(2011) 
Gaocheng in 
Hebei, China  
Silt loam 494 11 Winter 
wheat 
6154 5945 
7 Hao et al. 
(2001a) 
Lethbridge, 
Canada 
Clay loam 283 4 Spring 
wheat 
5591 5547 
8 Morell et al. 
(2011) 
Agramunt , Spain Sandy silt 
loam 
435 10  Winter 
barley 
1590 1148 
9 Ekeberg and 
Riley (1997) 
Southeast Norway Loam 415 9 Spring 
barley 
4310 4020 
10 Ekeberg and 
Riley (1997) 
Southeast Norway Loam 415 9 Spring 
wheat 
3760 3280 
11 Cantero-
Martinez et 
al. (2003) 
Guissona, Spain Clay loam <350 3 Barley  4163 3803 
12 Cantero-
Martinez et 
al. (2003) 
Agramunt, Spain Sandy silt 
loam 
<350 3 Barley 3770 3230 
13 Buschiazzo 
et al. (1998) 
Córdoba, 
Argentina 
Silt loam 760 11 Soybean 3230 2480 
14 Buschiazzo 
et al. (1998) 
Córdoba, 
Argentina 
Silt loam 760 11 Sorghu
m  
5720 4780 
15 Buschiazzo 
et al. (1998) 
Buenos Aire, 
Argentina 
Sandy loam 660 7 Wheat  1600 1040 
16 Mrabet 
(2000) 
Casablanca, 
Morocco 
Clay  296 3 Maize 2470 2410 
17 Wang et al. 
(2012) 
Luoyang, Henan, 
China 
Sandy loam 570 6 Winter 
wheat 
4534 4413 
18 Franchini et 
al. (2012) 
Paraná, southern 
Brazil 
Clay  1651 23 Soybean  3071 2496 
19 Kutcher and 
Malhi (2010) 
Saskatchewan, 
Canada 
Sandy loam  - 5 Barley 3069 2796 
20 Kutcher and 
Malhi (2010) 
Saskatchewan, 
Canada 
Clay loam - 5 Barley 3133 2760 
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21 Arshad et al. 
(1994) 
Alta, Canada Clay  449 3 Wheat  1570 1530 
22 Filipovic et 
al. (2006) 
north-west 
Slavonia, Croatia 
Silt loam 817 4 Winter 
wheat  
5680 5590 
23 Wang et al. 
(2011) 
Shanxi province, 
China 
Sandy loam 520 5 Maize 5347 5185 
24 Karunatilake 
et al. (2000) 
Willsboro, New 
York 
Clay loam - 7 Maize  7260 6420 
25 Sanchez-
Giron et al. 
(2004) 
Madrid, Spain Loam  430 13 Winter 
wheat 
3169 3032 
26 Kumar et al. 
(2013) 
western Uttar 
Pradesh, India 
Sandy loam 800 3 Winter 
wheat 
4490 4090 
27 Lafond et al. 
(1992) 
Saskatchewan, 
Canada 
Clay  534 3 Winter 
wheat 
2070 2039 
28 Hemmat and 
Eskandari 
(2004) 
Maragheh, Iran Clay  476 2 Winter 
wheat 
1717 1301 
29 Halvorson et 
al. (2000) 
North Dakota, US Silt loam 422 12 Spring 
wheat 
1881 1830 
30 Aulakh et al. 
(2012) 
Ludhiana, India Loamy 
sand 
563-995 4 Soybean  2226 2178 
31 Verhulst et 
al. (2011) 
El Batán, Mexico Clay  625 12 Maize 5650 4310 
32 Halvorson et 
al. (2002) 
Akron, US Silt loam 419 5 Winter 
wheat 
3122 2975 
33 Lampurlanes 
et al. (2001) 
Catalonia, Spain Loamy  440 4 Barley  3608 3371 
Studies reporting increased yields under conventional tillage 
34 Chen et al. 
(2011) 
Northeast China Clay loam 530  6 Maize 4860 6787 
35 Gruber et al. 
(2012) 
Hohenheim, 
Germany 
Loam 715 10 Winter 
wheat 
8100 8400 
36 Gruber et al. 
(2012) 
Hohenheim, 
Germany 
Loam 715  10 Oil seed 
rape 
4000 4100 
37 Gruber et al. 
(2012) 
Hohenheim, 
Germany 
Loam 715 10 Oats 3800 4700 
38         
39 Vogeler et 
al. (2009) 
Braunschweig, 
Germany  
 Silty loam 620 8 Maize 4780 5390 
40 He et al. 
(2011) 
Gaocheng in 
Hebei, China  
Silt loam 494 11 Summer 
maize 
9945 10727 
41 Carter 
(2005) 
Prince Edward 
Island, Canada 
Loam  403 8 Barley  2730 2790 
42 Nyborg et al. 
(1995) 
North central 
Alberta 
Loam  547 11 Maize 2090 3240 
43 Nyborg et al. 
(1995) 
North central 
Alberta 
Silty clay 
loam 
452 11 Maize 2640 3750 
44 Buschiazzo 
et al. (1998) 
Buenos Aire, 
Argentina 
Sandy loam 660 7 Maize 5000 5200 
45 Buschiazzo 
et al. (1998) 
La Pampa, 
Argentina 
Sandy loam  639 9 Sorghu
m  
3960 4070 
46 Buschiazzo 
et al. (1998) 
La Pampa, 
Argentina 
Sandy loam  639 9 Wheat  1440 2340 
46 
47 Buschiazzo 
et al. (1998) 
San Luis, 
Argentina 
Loamy 
sand 
591 10 Maize 1400 2150 
48 Patil (2013) Bellary, India Clay  507 2 Sorghu
m 
1905 2151 
49 Wang et al. 
(2012) 
Shouyang, 
Shanxi, China 
Sandy loam 520 15 Spring 
maize 
4683 4827 
50         
51 Franchini et 
al. (2012) 
Paraná, southern 
Brazil 
Clay  1651 23 Maize  5751 6623 
52 Franchini et 
al. (2012) 
Paraná, southern 
Brazil 
Clay  1651 23 Wheat  2253 2287 
53 Filipovic et 
al. (2006) 
north-west 
Slavonia, Croatia 
Silt loam 817 4 Maize 7540 7690 
54 Sanchez-
Giron et al. 
(2004) 
Madrid, Spain Loam  430 16 Winter 
barley 
3024 3046 
55 Machado et 
al. (2007) 
Oregon, US Silty  398 6 Winter 
wheat 
2180 2560 
56 Machado et 
al. (2007) 
Oregon, US Silty  398 6 Spring 
wheat 
1640 2200 
57 Machado et 
al. (2007) 
Oregon, US Silty  398 6 Spring 
barley 
1700 3360 
58 Lafond et al. 
(1992) 
Saskatchewan, 
Canada 
Clay  534 3 Spring 
wheat 
2548 2553 
59 Lyon et al. 
(1998) 
Sidney, US Silty  440 25 Winter 
wheat 
2430 2620 
60 Aulakh et al. 
(2012) 
Ludhiana, India Loamy 
sand 
563-995 4 Winter 
wheat 
3226 3283 
61 Wilhelm and 
Wortmann 
(2004) 
Nebraska, US Silty clay 
loam 
708 16 Maize  6200 6750 
62 Wilhelm and 
Wortmann 
(2004) 
Nebraska, US Silty clay 
loam 
708 16 Soybean  2450 2480 
Studies reporting little difference in yields under both tillage systems 
63 Carter 
(2005) 
Prince Edward 
Island, Canada 
Sandy loam 403 9 Soybean  1540 1540 
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Table 1.4. Soil carbon sequestration rates under conservation tillage 
Region Carbon 
sequestration 
rate 
achievable by 
conservation 
tillage (g C/m2 
per year) 
Time period 
to attain the 
sequestration 
rate 
Depth of 
soil (cm) 
Reference 
Global soils 57 15 years Top 22 cm West and 
Post (2002) 
US Great 
plains 
30-60 - - Follet (2001) 
US Croplands 10-50 In 5-10 years Top 20 cm Lal et al. 
(1998) 
US Croplands 34 20 years  Top 30 cm West and 
Marland 
(2002b) 
Global soils 33 30 years Top 30 cm Hermle et al. 
(2008) 
Tropical- 
humid 
3-20 30 years Top 100 
cm 
Farina et al. 
(2011) 
Sub tropical 
humid 
2.67 10 years 60 cm Sainju et al. 
(2008) 
Sub tropical 
humid 
0.7 7 years 40 cm Al-Kaisi et 
al. (2005) 
Semi arid 
0.55 20 years  20 cm Hernanz et 
al. (2009) 
Semi arid 
0.5 17 years 60 cm Lopez-Fando 
and Pardo 
(2011) 
Semi arid 
2.46 16 years 30 cm Álvaro-Fuentes et al. 
(2009) 
Arid areas in 
India 
2.69 20 years 30 cm Grace et al, 
(2012) 
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2. Chapter 2: The effect of soil texture and 
management on soil biophysical and chemical 
behaviour
This chapter contains the results from a small experiment conducted by 
sampling tilled soils and a grass stewardship site at the University of 
Nottingham campus at Sutton Bonington. This experiment helped to devise 
sampling strategy, X-ray computed tomography (CT) and greenhouse sampling 
procedures that would be used in more detail in subsequent studies. In this 
chapter the first sub aims of the project was addressed. i.e. the effect of tilled 
and untilled soils on soil pore characteristics and its impact on CO2 emission.
2.1 Introduction
It has been suggested that soil tillage can cause deterioration of soil structure 
and a rapid loss of soil organic matter, by changing biological activity in soil 
and disturbing the physical properties of soil, along with reduction in crop 
yields over a long term (Gosai et al., 2009). Reduced tillage has become an 
important management strategy offering many benefits like increased organic 
matter content (Kong et al., 2009), sequestration of carbon (Lal, 2009),
mitigation of greenhouse gas emissions (Kong et al., 2009), greater aggregate 
stability (Six et al., 1999),biological activity (Chatterjee et al., 2009) and
prevention of soil erosion and runoff (Cássaro et al., 2011). However it is also 
reported that reduced tillage practices increase soil compaction and reduce 
porosity (Petersen et al., 2008), decrease air and water movement (Hubert et 
al., 2007) and increase emission of greenhouse gases due to the decomposition 
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of crop residues retained at the surface. Advanced technologies such as X-ray 
CT can be used to reveal the structure, aggregation and pore characteristics of 
soil under different management practices, and supported by studies of
microbial properties in soil can yield new knowledge on involvement of biota 
in the sequestration of carbon. The aim of this experiment was to study the 
effect of different tillage practices on soil structure, pore dynamics and release 
of CO2 in soils under two contrasting soils and under different levels of soil 
management.
2.2 Materials and methods
2.2.1 Field site and sampling
The sites used were at the University of Nottingham experimental farm, Sutton 
Bonington Campus, Leicestershire, UK (52.5
o
N, 1.3
o
W) and at the Controlled 
Traffic Farming demonstration farm, (CTF Europe Ltd), Bedfordshire UK. At 
Sutton Bonington treatments consisted of two soil types/textures (sandy loam 
of the Dunnington Heath series (FAO: Stagno Gleyic Luvisol) and clay loam of 
the Fladbury series (FAO: Pelo-alluvial gley soil) and two soil management
regimes (tilled crop land and grass stewardship). The tilled sites were under 
constant cultivation for long periods of time (>20 years) in a rotation of winter 
wheat and winter oats whereas the stewardships (grassed strips between 
cropped fields) were seeded in September 2001 prior to previously being used 
as arable crops. The tillage operations included a single pass of a heavy disc 
cultivator, followed by power-harrowing, drilling with crop seeds followed by 
rolling. At the CTF farm, the sites were under no-tillage since 2004 with use of 
tractor for sowing and harvest only. The soil textures at Bedford are clay and 
clay loam. Sampling was done at three sites subjected to three different soils 
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trafficking regimes; namely random traffic, no-traffic and intermediate traffic.
In the case of random traffic sites, the tractor pass was at random in the field 
year after year; whereas in no-traffic sites the wheeled traction is restricted to 
permanent tram lines. The intermediate traffic treatments had wheeled traction 
in between both. The sampling was done from the middle of the sites, making 
sure to avoid the tram lines.
Intact soil cores were collected from the topsoil using polyvinyl chloride pipes 
of 150 mm length and 50 mm internal diameter. Firstly the soil surface was 
cleared of vegetation and the PVC pipes were pushed in to a depth of 100 mm. 
The cylinders were pushed into the soil by a hammer with a flange on top to 
ensure vertical penetration. The core samples were trimmed, labelled and 
placed in plastic bags. Field moist bulk samples were also collected to measure 
particle size, organic matter content and microbial biomass carbon. The bulk 
samples were stored at 4
o
C and soil cores in a constant temperature room at 
15
o
C until analysed.
2.2.2 X-ray Computed Tomography
For X-ray CT scanning, intact soil cores collected in the field using polythene 
pipes were used. The X-ray CT scanner was Nanotom, Phoenix X-ray system 
made by GE Sensing and Inspection Technologies GmbH, Germany (Fig. 2.1). 
This Micro CT system is characterised by the presence of high resolution 
detectors with the detectability of 1 µm. The X-ray tube is characterised by 
nanofocus <800 nm spot size with maximum voltage of 180 kV and a 
maximum output of 15W.
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Fig. 2.1. Phoenix nanotom X-ray Computed Tomography scanner
(http://www.ge-mcs.com) 
2.2.2.1 Sample preparation and acquisition of CT data
The samples were scanned over a range of angular orientations using the X-ray 
beam generated by passing high energy current (expressed in µA) over a 
tungsten target. The energy levels of X-ray beam generated is described as the 
peak X-ray energy in kV. The soil core was placed on the sample stage and the 
position was adjusted to ensure that the sample was within the field of view 
and was fitted firmly to avoid sample movement during the scan. After placing 
the soil core in the sample stage, the energy levels and current were adjusted to 
obtain good quality images in a reasonable time period (detector time). This 
was done by looking into the histogram to get a grey scale value of 20% of 
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the dynamic range of detector, in the densest part of the soil core (centre). Use 
of a copper filter to control the incident X-ray beam aided getting good quality 
images. The possibilities of changing detector position from the X-ray gun 
were also tested to get best possible resolution. Once the scanning parameters 
such as energy current, detector timings, binning, spin and resolutions were 
decided, the sample was removed from the sample stage to calibrate the X-ray
signals. Two calibrations were undertaken namely offset and gain. During 
offset calibration the X-ray was switched off while X-ray was switched on 
during the scanning for gain calibration. These calibrations are done to 
standardise the detector with respect to X-ray signals being generated and it 
serves as the baseline from which all sample scan data are subtracted. Then the 
core sample is introduced back to the sample stage and CT scanning was 
performed. Scanning was done at energy levels of 130 kV and a current of 110 
µA. The soil cores were scanned in a vertical upright position. A total of 2000 
images of resolution 27.5 µm were recorded over 60 minutes for each core.
2.2.2.2 Image reconstruction
Image reconstruction is a mathematical process to generate images from 
projection data obtained by CT scanning. The reconstruction of images was 
performed by datos|x software (GE Sensing and Inspection Technologies 
GmbH, Germany) and then using VG Studiomax (volume graphics); an image 
processing software. In the datos|x software the raw projection intensity data 
are converted to CT numbers in a range of grey scales (12 bit) which in turn 
correspond to the X-ray attenuation coefficient which is a function of density, 
atomic number and X-ray energy (Ketcham, 2005). A total of 2000 images 
were acquired for each scan..
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2.2.2.3 Artefacts
Using the scan optimiser option in datos|x the difference between first and last 
image was computed and the value was accepted. This step eliminates artefacts 
caused by movement, if any, during scanning.
2.2.2.4 Beam hardening
Since the size of sample used in all the experiments was large, hardening of X-
ray beam was expected. Beam hardening makes the edges of sample brighter 
than the centre parts. It is caused by an increase in mean energy of X-ray as it 
passes through the sample to be scanned; since lower energy X-rays in a 
polychromatic beam get attenuated more readily. To reduce this artefact a 
copper filter of thickness 0.1 mm was used in front of X-ray tube to pre-harden 
the X-ray beam, before beginning of scanning. 
2.2.2.5 Image resolution
By scanning the soil cores through a 360
o
rotation, image data is recorded in 
the form of stack of slices. To account for the thickness element of each slice, 
which provides the three-dimensional capabilities for CT images, the pixels in 
CT images are referred to as voxels. The resolution of CT images is given as 
voxel size in µm which indicate the size of a 3D pixel that can be identified as 
an independent entity. The image resolution varied with each experiment and is 
given separately in each chapter.
2.2.2.6 Image visualisation and saving for analysis
The reconstructed data of each scan was opened in VG Studio Max software 
and saved as image stack for further analysis (Fig. 2.2)
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Fig. 2.2. Selected original and gray scale images of (a) clay loam tilled (b) clay
loam grass strip (c) sandy loam tilled (d) sandy loam grass strip from Sutton 
Bonington and (e) Random traffic ( f) Intermediate traffic and (g) No-traffic 
soils of Bedford (Pore space is shown in black).
a) b)
c) d)
e) f)
g)
Scale = 5 mm 
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2.2.2.7 Image analysis
Images analysis was carried out using ImageJ software (Rasband, 2002) to 
study the soil pore characteristics. ImageJ is an open source software written in 
Java. A rectangular region of interest (33 x 33 mm
2
) was selected in the 
reconstructed CT images to exclude pores adjacent to the sample edges. A total 
of 1800 images were used in the analysis excluding 100 images from the start 
and the end which are more prone to cone beam artefacts. A suitable image 
routine was developed after trying different filters and image enhancement 
techniques. The contrast of all images was enhanced, normalised and 
equalised. The function sharpen increases the contrast and accentuates details 
in the image. A median filter was used reduce noise. The differentiation of 
pores from solids was made by thresholding with a suitable automated 
algorithm and the image was converted to an 8-bit gray scale image. 
Thresholding is used to convert a gray scale image into binary by defining a 
segmentation point on a histogram. This step facilitated classifying the image 
into features of interest (pores) and background (solids). The thresholding 
algorithms used were minimum MinError and MaxEntropy. The noise in 
the subsequent binary image was then removed by the remove outlier option 
which replaces a pixel by the median of the pixels in the surrounding if it 
deviates from the median by more than the value assigned for threshold
(ImageJ, 2012).The statistics on pore characteristics of each individual pore 
were generated using the analyse particles option in ImageJ. The information 
on number of pores, average pore size, porosity, pore size distribution, surface 
area and circularity of pores were obtained. A coefficient of uniformity was 
calculated to statistically compare the pore size distribution. This was 
determined as the ratio 
distribution (Atkinson 
experiment varied slightly 
chart showing the image analysis is depict
Fig. 2.3. Flow chart 
analysis.
of size of pores at 10% and 60% of total 
et al., 2009). The image routine followed 
and is given in respective chapters. A general 
ed in Fig. 2.3.
showing the procedures used in image acquisition 
macro pore 
in each 
flow 
and 
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2.2.3 Carbon dioxide emissions from soil
For the procedure adopted for greenhouse gas estimation please see Appendix.
2.2.4 Soil organic matter and microbial biomass carbon
For a detailed description of procedure adopted please refer to Appendix.
2.2.5 Soil physical properties
Soil shear strength data were recorded using procedures described in 
Appendix. The shear strength data were not recorded in Bedford due to more 
wetter and clay texture of soil that made recording shear strength difficult. The 
laboratory estimation of physical characteristics such as time to ponding, 
saturated hydraulic conductivity, water content and bulk densitywere also 
estimated. The detailed procedures are provided in Appendix.
2.2.6 Statistical analysis
The statistical software package Genstat (v. 14) was used for the analysis of 
variance (imon et al. 2009) to test the significance of differences.  The two 
fields at Sutton Bonington were analysed separately. A two-way analysis of 
variance was applied to results obtained from laboratory, field measurements 
and image analysis in the samples from Sutton Bonington with soil texture and 
soil management as two factors. A one-way analysis of variance was used to 
test the significance of differences in different trafficking in Bedford. The 
treatment means were compared at the P < 0.05 level using the LSD. Standard 
errors of means were calculated and provided as required. Multiple regression 
analysis was performed with average CO2 emissions as the dependent variable 
and other physical, chemical and biological properties studied in this 
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experiment as explaining variables to find out the relative effect of these 
parameters on CO2 emission and to predict the best model describing the fluxes 
of GHGs from soil. By using stepwise backwards elimination process, only the 
variables that contributed significantly to the model and reduced the residual 
sum of squares were retained in the model. For illustrative purposes single 
linear regression was also carried out between the parameters that contributed 
to the multiple regression models.
2.3 Results
2.3.1 Soil pH
The soil pH did not exhibit any significant difference between contrasting soil 
management. The textural difference was also not significant.
2.3.2 Soil organic matter
Both texture and soil management affected the organic matter content in soil. 
There was significantly more soil organic matter content (9.02% SOM) in the
clay loam under grass stewardship (P <0.001, Fig. 2.4). Sandy loam soil when
tilled had the lowest soil carbon content of 4.2% (P <0.001). The SOM content 
in the grass stewardship soil was higher by 4.6% in sandy loam soil compared 
to 40.3% in clay loam soil indicating a less prominent effect of soil 
management on net carbon changes under coarse textured soil. Among the 
controlled traffic farming treatments, no-traffic treatments recorded the highest 
SOM content (9.3%) and least in randomly trafficked sites (7.9%) with a P 
value of <0.05.
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Fig. 2.4. Soil organic matter (SOM) content in different soils (a) Sutton 
Bonnington (Texture: F1,12 = 268.01, P <0.001; Soil management: F1,12 = 
119.46, P <0.001;Texture x Soil management: F1,12 = 95.57, P <0.001)  (b) 
Bedford (F2,9 = 5.43, P <0.05). Bars indicate ±SEM.
2.3.3 Soil organic carbon and carbon stock 
Soil management practices had a significant effect on soil organic carbon 
content in both clay loam and sandy loam soils (P <0.001, Table 2.1). The clay 
loam in grass stewardship soil recorded almost double the soil organic carbon 
(3.1%) than the tilled arable fields (1.6%). The soil organic carbon follows the 
pattern same as of humus in these soils. Both soil texture and soil management 
significantly influenced the soil organic carbon stock (P <0.001). There was 
significantly more soil organic carbon stock under clay loam soil than sandy 
loam soil, similarly under grass stewardship soil than tilled arable soil. The 
SOC stocks under grassland were 66.4% higher than under arable clay loam 
soil and 9.2% higher in the sandy loam under grassland than under arable
sandy loam soil. The soil organic carbon stock in differently trafficked soil did 
not exhibit significant difference.
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Table 2.1. Soil organic carbon stock (Mg ha-1) in different soils in Sutton 
Bonington and Bedford
Treatments Soil organic carbon stock (Mg ha-1)*
Clay loam arable 18.62±0.59
Clay loam grass 42.07±1.11
Sandy loam arable 19.41±0.59
Sandy loam grass 21.19±0.72
Random traffic 22.82±0.88
Intermediate traffic 23.59±0.88
No-traffic 25.78±0.90
*Mean ± standard error of mean
2.3.4 Microbial biomass carbon and nitrogen
Both texture and soil management affected the microbial biomass carbon in 
soil (Fig. 2.5a).  Clay loam soils had significantly greater microbial biomass 
carbon than sandy loam soils (552 mg kg
-1
soil) (P <0.01). Soil management 
significantly (P <0.05) reduced the microbial biomass in both clay loam and 
sandy loam soil by 40.4% and 28.3% respectively than in the grassland soils. 
However the interaction of soil texture and soil management was not 
significant. In the controlled traffic soils, the soils with intermediate traffic 
recorded significantly higher (1329 mg kg
-1
soil) (P <0.01) microbial biomass 
carbon with not much difference between random traffic and no-traffic soils
(Fig. 2.5b). The microbial biomass nitrogen followed similar trend as that of 
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microbial biomass carbon (Fig. 2.6). The interaction of texture and soil 
management was significant in the case of microbial biomass nitrogen. In the 
clay loam and sandy loam soils the grassland soils contained higher microbial 
biomass nitrogen (181 and 68 mg kg
-1
soil respectively) than arable managed
soil (82 and 55 mg kg
-1
soil respectively).
Fig. 2.5. Microbial biomass carbon (mg kg-1 oven dry soil) in different soils (a) 
Sutton Bonington (Texture: F1,12 = 13.67, P <0.01; Soil management: F1,12 = 
5.71, P <0.05;Texture x Soil management: F1,12 = 1.55, P NS)  (b) Bedford (F2,9 
= 9.87, P <0.01). Bars indicate ±SEm.
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Fig. 2.6. Microbial biomass nitrogen (mg kg-1 oven dry soil) at (c) Sutton 
Bonington (Texture: F1,12 = 18.15, P <0.001; Soil management: F1,12 = 11.66, P 
<0.01;Texture x Soil management: F1,12 = 6.82, P <0.01)  (d) Bedford (F2,9 = 
6.82, P <0.05). Bars indicate ±SEm.
2.3.5 Hydraulic conductivity, shear strength and ponding limit
Soil texture and soil management significantly affected the saturated hydraulic 
conductivity of soil (P <0.01 and <0.001, Fig. 2.7a). The highest saturated 
hydraulic conductivity of 0.498 cm s
-1
was recorded under sandy loam with 
grassland stewardship soil which was significantly higher than under arable
soil (P <0.05). Similarly in clay loam soil the arable (0.05 cm s-1) and grassland
stewardship treatments (0.22 cm s
-1
) varied significantly in hydraulic 
conductivity. In case of shear strength, the textural differences on soil strength 
were not statistically significant. Soil management had a significant effect on 
soil strength (P <0.001), with lower soil strength under arable soil (Fig. 2.7b).
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The shear strength under arable clay loam soil was 16.6 kPa against 22.8 kPa 
under grassland soil, whereas in sandy loam soil, the arable field had 12.9 kPa 
strength against 23.5 in grassland soil.
The ponding limit gives indirect estimates of soil porosity and soil hydraulic 
conductivity. Clay loam soils under arable ponded earlier than any other 
treatments (Fig. 2.8, P <0.001) while the sandy loam soil under grassland 
stewardship was by far the slowest to pond. 
Fig. 2.7. (a) Saturated hydraulic conductivity (Texture: F1,12 = 9.41, P <0.01; 
Soil management: F1,12 = 34.24, P <0.001;Texture x Soil management: F1,12 = 
6.56, P <0.05) (b) and Shear strength (Texture: F1,12 = 0.66, P NS; Soil 
management: F1,12 = 20.58, P <0.001;Texture x Soil management: F1,12 = 1.49, 
P NS) in different soils at Sutton Bonington. Bars indicate ±SEm.
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Fig. 2.8. Time to pond (minutes) by soils under different category. Bars 
indicate ±SEm, 15 d.f.
2.3.6 Bulk density
Sandy loam textured soil generally had higher bulk density (26.9%) than the 
clay loam soils (P <0.05, Fig. 2.9). The soil management effect on bulk density 
was not significant. Bulk density did not differ significantly in differently 
trafficked soils. 
Fig. 2.9. Bulk density (Mg m-3 oven dry soil) in different soils (a) Sutton 
Bonnington (Texture: F1,12 = 6.34, P <0.05; Soil management: F1,12 = 3.57, P 
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NS;Texture x Soil management: F1,12 = 0.98, P NS) (b) Bedford (F2,9 = 0.3, P 
NS). Bars indicate ±SEm.
2.3.7 Carbon dioxide emissions
Different soil textural classes did not influence the emission of carbon dioxide 
from the soil incubated at constant temperatures. Soil management practices 
significantly influenced the CO2 fluxes with greater emission from soils under 
grassland stewardship (368 mg m
-2
h
-1
) compared to arable soil (283 mg m
-2
h
-
1
) (P <0.05, Fig. 2.10). There were no significant differences among differently 
trafficked soils.
Fig. 2.10. Soil CO2 flux in different soils (a) Sutton Bonington (Texture: F1,12 = 
6.08, P NS; Soil management: F1,12 = 3.24, P <0.05;Texture x Soil 
management: F1,12 = 0.06, P NS) (b) Bedford (F2,9 = 0.63, P NS). Bars indicate 
±SEm.
0
50
100
150
200
250
300
350
400
450
Clay 
loam 
arable
Clay 
loam 
grass
Sandy 
loam 
arable
Sandy 
loam 
grass
A
v
er
a
ge
 
C
O
2
flu
x
 (m
g 
m
-
2
h-
1 )
a)
0
20
40
60
80
100
120
140
160
180
200
Random 
traffic
Intermediate 
traffic
No-traffic
A
v
er
a
ge
 
C
O
2
flu
x
 (m
g 
m
-
2
h-
1 )
b)
66
2.3.8 Soil structural analysis
2.3.8.1 Porosity, pore size and pore size distributions
Increased macro porosity was noticed in sandy loam and clay loam soils under
grassland stewardship than their arable counterparts, although not significant 
(Table 2.2). Randomly trafficked soils recorded the highest porosity among the 
differently trafficked soil, but was also not significant. Grassland stewardship 
soils recorded maximum average pore size with clay soils having mean value 
of 0.25 mm
2
and sand soil 0.22 mm
2
. Average pore size was also not 
significantly different between treatments (Table 3.2). The average pore size 
was greater under untilled condition in both clay and sand.
Table 2.2. CT measured average soil porosity (%), and average pore size 
(mm
2
) under different treatments*
Treatments Soil porosity (%) Pore size (mm2)
Clay loam arable 10.98±1.57 0.18±0.04
Clay loam grass 11.87±2.17 0.20±0.06
Sandy loam arable 10.04±1.47 0.13±0.04
Sandy loam grass 10.76±1.99 0.22±0.07
Random traffic 7.04±1.18 0.18±0.05
Intermediate traffic 6.52±1.20 0.19±0.03
No-traffic 4.90±1.16 0.22±0.05
*Mean±Standard Error of Mean
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The pore size distribution varied with respect to soil texture and soil 
management practices adopted (Fig. 2.11). Tillage increased total pore area in 
both clay loam and sandy loam soils, but was statistically not significant. 
Similarly, soil trafficking also increased the pore size distribution. The arable
sandy loam soil and intermediate traffic soil had comparatively more uniformly 
distributed pore size classes. Random traffic and no-traffic appeared to increase
the number of larger pores. 
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Fig. 2.11. Pore size distributions of a) clay loam arable, b) clay loam 
grassland, c) sandy loam arable d) sandy loam grassland of Sutton Bonington 
and e) Random traffic, f) Intermediate traffic and g) no- traffic soils in 
Bedford, by image analysis on X-ray CT images.  Error bars represents s.e.d.
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2.3.9 Relationship between different soil properties
CO2 fluxes was predicted by a multiple regression model (P < 0.001) including 
soil organic carbon and soil porosity (P) which accounted for 69.4% of the 
variation. The optimal model for CO2 flux is provided in equation 1. The 
variation contributed by porosity was 43.3% compared to 26.1% for SOC.
CO2 flux (mg g
-1
h
-1
) =0.000225 + 0.000131P + 0.000383SOC
(1)
The linear regression studies indicated that soil structural properties were 
related to other chemical properties. As porosity increased, soil microbial 
biomass carbon (P <0.01, R2 = 0.31, Fig. 2.12a) and soil organic matter 
content (P 0.08, R2 = 0.12, Fig. 2.12b) decreased. The increased aeration 
associated with soil pore space might have triggered microbial activity which 
brings about faster decomposition of soil organic matter.
Fig. 2.12. Relationship between (a) porosity and soil microbial biomass carbon 
(F1,26 = 11.88, P <0.01) and (b) porosity and soil organic matter (F1,26 = 3.45, P 
NS).
The emission of CO2 from soil was negatively related to the microbial biomass 
carbon (P <0.01, R2 = 0.29, Fig. 2.13a). Soil physical properties had a strong 
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impact on the CO2 fluxes. As the bulk density decreased the CO2 flux from soil 
increased (P < 0.01, R2 = 0.55). In parallel, soil porosity had a significant 
positive relationship with the CO2 emission from the soil (P <0.001, R2 = 0.65, 
Fig. 2.13b). 
Fig. 2.13. Relationship between CO2 flux with (a) soil microbial biomass 
carbon (F1,26 = 10.48, P <0.01) (b) porosity (F1,26 = 48.55, P <0.001).
2.4 Discussions
Soil texture and physical disturbance by soil management affected the physico-
chemical and biological properties of soil. Surprisingly bulk density was not 
affected by different tillage systems (tilled crop land and untilled grass 
steward). The slightly lower bulk density, although not significant, under 
untilled soil may be due to increased growth of grass roots and resultant 
increase in soil pores and also absence of tillage and traffic (Udawatta et al., 
2008). The adoption of grass strips decreased soil macroporosity compared to 
arable soils. Evrendilek et al. (2004) reported that the conversion of grass land 
to arable led to a 9.1% reduction in soil porosity over 12 years in the 0-20 cm 
layer of Typic Haploxeroll in central Taurus mountains of Turkey. The 
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presence of extensive fibrous root system and constant supply of organic 
materials in soils under grassland stewardship might have improved the soil 
physical properties compared to the arable soils. However the distribution of 
various pore size classes indicated the occurance of larger pore classes under 
tilled soil condition due to the cultivation practices. The soil porous
architecture has a significant effect on soil hydraulic properties. The increased 
macroporosity under grassland soils resulted in increased saturated hydraulic 
conductivity (Fig. 2.7a) which minimises the ponding risk (Fig. 2.8) in the 
event of excessive rainfall and minimise runoff losses. 
The highest carbon content, soil organic matter and SOC stock under grass 
stewardship was attributed to increased biomass addition in line with findings 
in an improved fallow compared to continuous maize in Zimbabwe by 
Nyamadzawo et al. (2009). This is supported by the positive correlation of soil 
organic carbon with microbial biomass carbon also reported by Hassink 
(1995). Disturbance of soil is also believed to enhance macroaggregate tunover 
leading to decomposition of protected soil organic matter (Six et al., 1999). 
This indicates that reducing soil disturbance as in the case of grassland strips
could lead to increased sequestration of carbon (Beare et al., 1994). The C 
sequestration capacity of clay loam soil is greater than in sandy soil due to the 
possibility of absorption of organic carbon to clay surfaces, entrappment of 
carbon on pores of aggregates or encapsulation of organic carbon by clay 
particles (Nyamadzawo et al., 2009). Balota et al. (2003) attributed the increase 
in microbial biomass carbon under no-tillage to factors such as higher moisture 
content, greater soil aggregation and higher C content. In a land use practice 
such as grass stewardship, steady organic sources, both labile and non labile 
72
are avaialble for sustained microbial activity. Tufekcioglu et al. (2003) reported 
detritus by grasses might stimulate the heterotrophic microbes in soils, later 
contributing to soil organic matter by way of microbial products. Increased 
microbial activities are favorable for the formation of stable soil aggregates, 
which help with further physical protection of carbon (Lal, 2004). Although 
both microbial biomass carbon and nitrogen showed significant differences
with respect to both texture and tillage, C/N ratio did not differ significantly as 
also observed by Helgason et al. (2010).
Avoiding soil disturbance leads to accumulation of soil organic carbon (Bayer 
et al., 2000; Bayer et al., 2006) especially in the surface soil horizons (Baker et 
al., 2007; Chatterjee et al., 2009; Lal, 2009). The greatest average emission of 
CO2 in the present study was obtained under the grassland stewardship soils 
that can be attributed in part to increased biological activity triggered by 
favourable soil physico-chemical conditions and increased availability of labile 
carbon sources from the grass roots. Medeiros et al. (2011) found more C-CO2
emissions under no-till management system due to retention of residues in no-
tillage in contrast to residue removal in conventional tillage. The positive 
corelation between porosity and CO2 flux is indicative of the release of CO2
physically entrapped in the soil pores (Álvaro-Fuentes et al., 2007). Such a 
physical effect can be related to, the preservation of soil structure (Tormena et 
al., 1999), creation of ideal pore sizes, greater macropore volume and better 
pore connectivity (Medeiros et al., 2011) under reduced tillage. The greater 
number of pores under untilled condition permits increased water and gas
storage and transmission (Kim et al., 2010). Different traffiking at Bedford did 
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not provide statistically significant results interms of pore characteristics and 
CO2 emission and hence is not discussed.
2.5 Conclusions
This study indicated that non disturbance of soil by grassland stewardship 
management increased soil microbial biomass carbon, soil organic carbon and 
SOC stock in both clay loam and sandy loam soil, indicating the potential 
capability of reduced tillage system to sequester more carbon compared with a 
tilled soil. Soils under grass stewardship were also found to be better at water 
conducting than arable soils and helped to prevent water ponding on the soil 
surface. However significantly increased CO2 fluxes was recorded under 
grassland stewardship compared to arable soils which was independent of soil 
texture. Multiple regression analysis showed CO2 fluxes were mainly affected 
by soil organic carbon and porosity indicating the importance of soil structural 
properties in the release of biogenic gases from soil. This study suggests that 
soil management practices that affect soil structural properies might have
significant influence on greenhouse gas emission. However further work is 
required to probe these complex relationships further. This study indicated that 
tilling or not tilling have a significant effect on soil physical charcateristics 
which in turn linked to emission of CO2. Since tillage brings about changes in 
soil physical properties especially soil aggregates and structure, this will be 
addressed in the next chapter.
74 
3. Chapter 3: The effect of soil aggregate size on pore 
structure and its consequence on emission of 
greenhouse gases  
The experiment in previous chapter (Chapter 2) showed that CO2 fluxes in soil 
were affected by soil organic carbon and soil porosity which in turn was 
modified by tillage. It was shown by other workers that tillage brings about 
significant changes in soil aggregate characteristics. In this chapter the effect of 
aggregates of different sizes in sandy loam and clay loam soil on soil pore 
characteristics, hydraulic properties and greenhouse gas emission from soil was 
assessed. This chapter has been published as research article in Soil & Tillage 
Research (Mangalassery et al. 2013. 132, 39-46) and is presented in published 
paper format. 
Summary 
This chapter addresses the second sub aim set out for this thesis; to understand 
the effect of different aggregate size classes as derived by different soil 
management systems on the physical characteristics of soil and emission of 
GHGs such as CO2, CH4 and N2O. Manually re-packed soil aggregates were 
used to generate desired soil aggregate classes. Soil aggregation is an important 
physical property that influences the physico-chemical and biological 
properties of soil. Soil disturbances such as tillage can have a significant effect 
on soil aggregation. Columns of aggregates in the size ranges of 2-4 mm, 1-2 
mm, 0.5-1 mm and <0.5 mm were tested along with a field structured soil (i.e. 
aggregates <4 mm). Soil pore characteristics were quantified using X-ray 
Computed Tomography (CT). The average porosity in the soil columns ranged 
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from 38.7 to 50.7%. Aggregate size influenced the total soil organic matter 
content with average values ranging from 7.5 to 8.6% in the clay loam soil and 
2.8 to 5.2% in the sandy loam soil. CO2 and CH4 flux was significantly 
affected by size of aggregates. Clay loam soils emitted the most CO2 from the 
small sized aggregates, whereas in sandy loam soils the larger aggregates 
produced the maximum CO2 flux. Smaller aggregates produced higher CH4 
flux in both soil textures. No significant difference between aggregate sizes and 
soil textures were found for N2O fluxes. Soil pore characteristics such as 
porosity and pore size significantly affected fluxes of GHGs such as CO2 and 
CH4. These results indicate that management practices such as tillage that 
heavily influence soil aggregation and pore characteristic development can 
have a direct impact on emission of greenhouse gases and subsequently have 
implications for global warming. Having established that soil aggregate 
changes could greatly influence soil physical characteristics including pore 
structure with resultant effect on greenhouse gas emissions, the field level 
effect of zero tillage and tillage on soil physico-chemical and biological 
properties and the complex interactions among these properties are covered in 
next chapters. 
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1. Introduction
Greenhouse gas (GHG) emissions from agricultural soils are a
substantial contributor to climate change (Smith et al., 2008) and
developing agricultural practices that bring mitigation of GHG
emissions from agricultural soils is important. Currently, several
different soil management strategies have been considered with
regard to their potential to reduce the release of GHG from
agriculture e.g. no-till practices (Ugalde et al., 2007; Uri, 2000),
cover crops (Tubiello and Ewert, 2002) and agroforestry (Calfapie-
tra et al., 2010; Pandey, 2002). Studies investigating the impact of
such changes in practice on GHG emissions and soil C storage have
illustrated wide-ranging results, possibly due to differences
between studies in climatic zones, soil types, length of manage-
ment practice and cropping systems. This highlights the impor-
tance of developing a mechanistic understanding of how soil
management directly impacts on GHG release and C storage
through changes in soil biophysical properties in particular.
It is well known that crop management activities, such as
tillage, exert signiﬁcant inﬂuence on soil physical properties. For
example, tillage brings about the disruption of soil aggregates
especially at the zone of disturbance and potentially the creation
of hard pans at lower depths (Zotarelli et al., 2007). Soil micro
aggregates are typically formed by binding microbial poly-
saccharides with smaller soil particles such as silt and clay
whereas macro aggregates are typically formed around plant
roots and coarse organic fragments (Ian, 2011). Also, stable
micro aggregates (<250 mm) can reorient themselves into
macro aggregates with the help of newly formed particulate
organic matter (Jastrow et al., 1996). The protection of soil
aggregates depends on their stability on contact with water and
responses to mechanical stresses like tillage. Tisdall and Oades
(1980) showed conventional tillage leads to oxidation of soil
organic matter, which act as binding agents for macro
aggregates, and hence water stable aggregates (>250 mm)
become less stable under intensive tillage systems. Kasper
et al. (2009) observed reduced stability in aggregates under
conventional tillage (18.2%, compared with 37.6% under mini-
mum tillage). Different sized aggregates exert varying contribu-
tions on the soil porous system and this in turn governs water
and gas movement in soil (Perret et al., 1999).
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A B S T R A C T
Soil aggregation is an important physical property that inﬂuences the physico-chemical and biological
properties of soil. Soil disturbances such as tillage can have a signiﬁcant effect on soil aggregation. This
study sought to examine the effect of soil aggregate size on soil pore characteristics and the subsequent
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soils the larger aggregates produced the maximum CO2 ﬂux. Smaller aggregates produced higher CH4
ﬂux in both soil textures. No signiﬁcant difference between aggregate sizes and soil textures was found
for N2O ﬂuxes. Soil pore characteristics such as porosity and pore size signiﬁcantly affected ﬂuxes of
GHGs such as CO2 and CH4. These results indicate that management practices such as tillage that heavily
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Both soil GHG release and soil C storage are linked to soil pore
and aggregate structure. Aggregation is directly related to storage
of soil organic carbon and affects movement of gases and water in
soil (Marland et al., 2004) by inﬂuencing both biological processes
in soil (Beare et al., 2009) and pore characteristics which regulate
the ﬂow of water and gases. The decomposition of soil organic
matter can vary in soils between different aggregate size classes
(Zhang et al., 2012). In addition, soil aggregates of different sizes
also behave differently with regard to accumulation of carbon,
with the greatest amount of carbon typically found in intermedi-
ately sized aggregates (1–4 mm) (Ferna´ndez et al., 2010; Helgason
et al., 2010).
Soil aggregate composition determines intra and inter aggre-
gate porosity and largely controls gaseous composition and
transport in soil (Blagodatsky and Smith, 2012). Aggregates play
a vital role in deciding the aerobic or anaerobic status of soil (Lipiec
et al., 2007) which impacts on the production and release of GHGs
from soil. Increased CO2 emissions have been reported from micro
aggregates (<0.25 mm) compared with macro aggregate
(>0.25 mm) fractions (Sey et al., 2008). In contrast, Strong et al.
(2004) found soil with relatively large pore volumes (15–60 mm)
led to faster decomposition of carbon in soil with decomposition
rates less in both air-ﬁlled macro and micro pores. In a clay loam
soil Drury et al. (2004) found decreased CO2 production with
increasing aggregate size, and increased N2O production with
increasing aggregate size. Kimura et al. (2012) found increased
uptake of CH4 in smaller aggregates and higher emission from
aggregates >2 mm.
To date there have been few studies that have linked the impact
of different aggregate sizes on the soil pore characteristics and
their effect on the emission of GHGs. Different pore characteristics
such as size, continuity and shape affect ﬂuid transport (Udawatta
and Anderson, 2008) and gas transport and hence aeration of the
soil (Luo et al., 2010) which is an important determinant of
microbial activity in soil. These pore characteristics are greatly
inﬂuenced by textural properties of soil (Mooney and Morris, 2008)
and land use practices (Zhou et al., 2008). X-ray Computed
Tomography (CT) has been successfully used to study pore
characteristics at a ﬁner resolution (<1 mm) (Lugato et al.,
2009; Mooney and Morris, 2008; Udawatta and Anderson,
2008). The objectives of this research were to ascertain the effect
of different aggregate size classes, prepared in soil columns, on soil
physical properties and the emission of CO2, CH4 and N2O.
2. Materials and methods
2.1. Sample preparation
Samples were collected from two soil types; a sandy loam from
the Dunnington Heath series (FAO: Stagno Gleyic Luvisol) and a
clay loam from the Fladbury series (FAO: Pelo-alluvial gley soil)
from University of Nottingham Farm, Sutton Bonington, Nottin-
ghamshire, UK (52.528 N, 1.078 W). Bulk samples were collected
from a depth of 10 cm and air dried before being separated into the
different aggregate size fractions of 2–4 mm, 1–2 mm, 0.5–1 mm
and <0.5 mm by manual disaggregation and sieving (Ferna´ndez
et al., 2010). In addition to this a core repacked with <4 mm sized
aggregates referred to as ﬁeld structured soil was included in the
experiment. These soil aggregate fractions were packed into
polyvinyl chloride (PVC) columns (5 cm internal diameter, 10 cm
long) with eight replicates of each treatment, to a bulk density of
1.2 Mg m3. The bottom portion of each column was covered with
a ﬁne nylon mesh (0.1 mm) to retain the soil in columns. Half of the
replicates of each treatment, i.e. 4 samples/replicates per aggregate
size class, were saturated and then drained for 48 h to attain a
notional ﬁeld capacity. The cores were then placed in an incubation
chamber at 15 8C and maintained at ﬁeld capacity. These cores
were then examined using X-ray CT. GHG release was measured on
these samples at monthly intervals for a period of ﬁve months. The
other four replicates per treatment were used to derive the
saturated hydraulic conductivity using the falling head method
(Klute and Dirksen, 1986).
2.2. Greenhouse gas emission and soil carbon
GHG measurements were conducted by placing the soil cores in
glass jars of 1.5 dm3 volume. The glass jars were ﬁtted with rubber
septa in the lid for head space gas sampling with a syringe. Gas
sampling was performed after ensuring mixing of the air within
the jar using a magnetic stirrer for 30 s. The gas sampling was
repeated at deﬁned time intervals in 1 h (namely 0, 15, 30 and
60 min). The gas samples were analysed with a gas chromatograph
for GHGs such as CO2, CH4 and N2O (GC-2014, Shimadzu). The gas
sampling was repeated at monthly intervals on all soil cores which
were maintained at the same moisture level in a constant
temperature room. The linear response obtained from the time
series data was used for calculating the emission rate of GHG. The
gas data was converted to mass per volume and mass per weight
basis using the ideal gas equation and the molecular mass of each
gas (Denef et al., 2007).
n ¼
PV
RT
(1)
where n is the number of moles of CO2, N2O or CH4, P is
atmospheric pressure (1 atm), V is the volume of head space
(dm3), R is the ideal gas constant (0.08205746 L atm K1 mol1)
and T is the temperature of sampling (273.15 + room temperature
in 8C). From this it was possible to calculate the gas ﬂux.
E ¼
nm
at
 1000 (2)
where E is the ﬂux of each gas in mg m2 h1, n is the number of
moles of CO2, N2O or CH4, m is the molar weight of CO2 (44.01), N2O
(44.01) or CH4 (16.04), a is an area of the soil core used and t is the
time in hours. In the paper the data is presented as ng g1 h1 of
oven dried soil. The gas sampling and analysis was carried out in
the months of October, November, December, January and
February of the year 2011–2012 and average values over the ﬁve
sampling times are reported.
The GHG ﬂux data was also calculated on a per organic matter
basis (ng g1 h1 of soil organic matter) to determine the effect of
soil organic matter on soil pore characteristics and are presented
separately in the paper.
Finally, total soil organic matter (SOM) content in soil was
determined following the loss on ignition method, by igniting oven
dried soil at 550 8C in a mufﬂe furnace.
2.3. X-ray Computed Tomography (CT)
Four soil cores per treatment were subjected to X-ray CT
scanning using a high resolution micro CT scanner (Nanotom,
Phoenix X-ray, GE Sensing and Inspection Technologies GmbH,
Germany). Scanning was performed at energy levels of 140 kV and
140 mA. All soil cores were scanned in a vertical upright position. A
total of 2000 projection images at a resolution of 28.75 mm were
collected over a 33 min scanning time for each core. Images were
reconstructed using Phoenix X-ray software and visualised using
VG StudioMax (Volume Graphics). Fig. 1 illustrates a single 2-D
binary image example of each aggregate size class in sandy loam
and clay loam soils. Image analysis was carried out using ImageJ
software (Rasband, 2002) to study the soil pore characteristics. A
rectangular region of interest (27.92 mm  27.92 mm) was select-
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ed to exclude those pores adjacent to the core edges. A total of 1800
images were used in the analysis excluding 100 images from the
start and the end. A suitable image routine was developed after
testing several different ﬁlters and image enhancement techni-
ques. The contrast of all images was enhanced, normalised and
equalised. A median ﬁlter was then applied prior to image
thresholding/segmentation. The differentiation of pores from
solids was made by using the MinError algorithm and the images
were subsequently converted to 8-bit grey scale images. Any pixel
that deviated more than the median of the surrounding pixels was
removed with a threshold value of 1 to reduce the image noise.
Information on the number of pores, average pore size (area), total
porosity, pore size distribution and pore surface area were
obtained. A coefﬁcient of uniformity was calculated to quantify
the pore size distribution. This was determined as the ratio of size
of pores at 10% and 60% of total pore size distribution (Atkinson
et al., 2009).
2.4. Statistical analysis
The statistical software package Genstat (v. 14) was used for all
data analysis. A two-way analysis of variance (ANOVA) was applied
to results obtained from laboratory measurements and image
analysis in the samples with soil texture and aggregate size as two
factors. The treatment means were compared at the P < 0.05 level
using the LSD. Standard errors of means were calculated and
provided as required. Simple linear regressions were carried out to
examine the relationship between different parameters.
3. Results
3.1. Saturated hydraulic conductivity
Both texture and aggregate size signiﬁcantly affected the
saturated hydraulic conductivity (P < 0.001). As expected, the
sandy loam soil was more permeable than clay loam soil with an
average saturated hydraulic conductivity of 1.2 cm s1 compared
to 0.38 cm s1 in the clay loam soil. There was a linear relationship
between hydraulic conductivity and aggregate sizes with the
larger aggregates permitting the water ﬂow more readily than
small sized aggregates (Fig. 2). The ﬁeld structured soil behaved
most similarly to the <0.5 mm aggregate columns.
3.2. Soil organic matter
Soil texture and aggregate size had a signiﬁcant effect on total
soil organic matter content (P < 0.001). Clay loam soil contained
more organic matter (8.2%) than sandy loam soil (3.7%). The
smallest aggregates (<0.5 mm) in clay loam soil had the highest
organic matter (8.7%) with the lowest in the ﬁeld structured soil
(7.5%). Whereas in sandy loam soil the larger aggregates (1–2 mm
and 2–4 mm) contained more organic matter (5.2 and 3.5%,
respectively) than small aggregates (<0.5 mm) (2.8%) (Fig. 3).
3.3. Greenhouse gas release
CO2 emission decreased from soil over time; however, there
was an initial increase in CO2 ﬂux immediately after incubation
(data not shown). CH4 ﬂux showed a deﬁnite decrease during
incubation whereas the N2O ﬂux pattern did not follow any clear
trend.
Fig. 1. Selected 2-D binary image for the different aggregate size classes. Images a to
e on the left are for clay loam soils (a) 2–4 mm, (b) 1–2 mm, (c) 0.5–1 mm, (d)
<0.5 mm and (e) ﬁeld structured. The images from f to j on the right are for sandy
loam soils (f) 2–4 mm, (g) 1–2 mm, (h) 0.5–1 mm, (i) <0.5 mm and (j) ﬁeld
structured.
Fig. 2. Saturated hydraulic conductivity (cm s1) for different aggregate size
fractions in clay loam and sandy loam soils (texture: F1,30 = 188.32, P < 0.001;
aggregates: F1,30 = 125.12, P < 0.001; texture  aggregates: F1,30 = 27.82,
P < 0.001). Mean values are shown, error bars indicate standard error of mean, n = 4.
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Both texture and aggregate size signiﬁcantly inﬂuenced CO2
emission (P < 0.001). The average CO2 emission was greater from
clay loam textured soils (704 ng g1 h1) compared to sandy loam
soil (624 ng g1 h1). In the clay loam, the maximum CO2 ﬂux was
recorded in the ﬁeld structured soil (704 ng g1 h1) followed by
the <0.5 mm aggregate fraction (612 ng g1 h1) with lowest
value in 2–4 mm aggregates (387 ng g1 h1). In contrast, in the
sandy loam soil, larger aggregates (2–4 mm) recorded the
maximum CO2 ﬂux (719 ng g
1 h1), followed by ﬁeld structured
soil (624 ng g1 h1) and 1–2 mm aggregates (618 ng g1 h1)
(Fig. 4a).
When the comparison was made between ﬁeld structured soils,
the higher CH4 ﬂux was recorded from sandy loam soil
(0.35 ng g1 h1) than clay loam soils (0.24 ng g1 h1). But
individually among different aggregate classes the CH4 ﬂux was
higher in clay loam aggregates than aggregates from sandy loam.
Increased CH4 emission was recorded as aggregate size decreased
in both soils (P < 0.05, Fig. 4b). Among different sized aggregates,
the highest CH4 ﬂux was from <0.5 mm aggregates in both clay
loam (0.57 ng g1 h1) and sandy loam soils (0.47 ng g1 h1).
Similarly the lowest CH4 ﬂux was from 2 to 4 mm sized aggregates
in both clay loam (0.29 ng g1 h1) and sandy loam soils
(0.22 ng g1 h1).
N2O ﬂuxes signiﬁcantly varied with the soil texture (P < 0.05)
with maximum values in the clay loam soil (1.7 ng g1 h1)
compared to sandy loam soil (1.2 ng g1 h1). Although the effect
of aggregate size on N2O ﬂux was not signiﬁcant, the interaction of
soil texture with aggregates was signiﬁcant. In the clay loam soil,
the highest N2O emission was recorded in the ﬁeld structured soil
(1.9 ng g1 h1) followed by 1–2 mm sized aggregates
(1.8 ng g1 h1) and lowest in 0.5–1 mm size class (1.4 ng g1 h1).
1). In the sandy loam soil the highest emission was from 2 to
4 mm (1.8 ng g1 h1) followed by <0.5 mm (1.6 ng g1 h1) and
least from 1 to 2 mm size class (1.2 ng g1 h1).
When the GHG ﬂux data was expressed in terms of organic
matter, the CO2 ﬂux pattern was similar to the per soil basis in the
clay loam soil (Fig. 5). However in the sandy loam soil the lowest
CO2 emission was from 1 to 2 mm sized aggregates. CH4 ﬂux on per
gram of organic matter basis exhibited a trend similar to when
expressed on per gram soil basis. N2O ﬂux per gram of organic
matter was signiﬁcantly affected by both texture and aggregates
with the maximum ﬂux from sandy loam soil (P < 0.001). N2O ﬂux
was highest in the ﬁeld structured soil followed by 1–2 mm
aggregates and the lowest ﬂux was recorded with 0.5–1 mm and
<0.5 mm aggregates in clay loam soil. In sandy loam soils the N2O
ﬂux per gram of organic matter was highest in the <0.5 mm
aggregates and lowest in the 1–2 mm aggregates.
Fig. 3. Variations in soil organic matter content as derived by loss on ignition for
different aggregate size fractions in clay loam and sandy loam soils (texture:
F1,30 = 718.83, P < 0.001; aggregates: F1,30 = 6.15, P < 0.001; texture  aggregates:
F1,30 = 9.16, P < 0.001). Mean values are shown, error bars indicate standard error of
mean, n = 4.
Fig. 4. Differences in average ﬂuxes of CO2, CH4 and N2O (ng g
1 oven dried soil h1) in different aggregate size fractions in clay loam and sandy loam soils (a) CO2 ﬂux:
texture: F1,30 = 26.59, P < 0.001; aggregates: F1,30 = 13.30, P < 0.001; texture  aggregates: F1,30 = 51.43, P < 0.001; (b) CH4 ﬂux: texture: F1,30 = 5.93, P < 0.05; aggregates:
F1,30 = 13.39, P < 0.001; texture  aggregates: F1,30 = 3.21, P < 0.05; (c) N2O ﬂux: texture: F1,30 = 6.97, P < 0.05; aggregates: F1,30 = 2.03, NS; texture  aggregates: F1,30 = 5.18,
P < 0.01; Mean values are shown, error bars indicate standard error of mean, n = 4.
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3.4. Soil pore characteristics
Both soil texture and size of aggregates signiﬁcantly affected
the number of pores measured per sample using CT. The ﬁne
textured soil had more pores than the coarse textured soil
(P < 0.001). As the aggregate size reduced, the number of pores
increased (P < 0.001) in both textural classes (Fig. 6). In the clay
loam soil the smaller aggregates (0.5 mm) contained 88% more
pores than larger aggregates (2–4 mm) and in sandy loam soil it
was 92% more. The pore size signiﬁcantly varied with soil texture
and aggregate size (P < 0.001, Fig. 7). Larger aggregates in soil
columns facilitated the creation of large sized pores, with pore size
greater in the sandy loam soil in all the aggregate size classes
compared to clay loam soil.
Among all the aggregate size classes and ﬁeld structured soil,
sandy loam soil had a signiﬁcantly higher average porosity than
clay loam textured soil except in the <0.5 mm sized aggregates
(P < 0.001, Fig. 8). In clay loam soil the porosity increased as the
aggregate size decreased and the converse was the case with the
sandy loam soil (P < 0.001). The surface area of the soil pores
varied signiﬁcantly with soil texture and aggregate size (P < 0.001,
Fig. 9). The total surface area of pores was greater in the sandy loam
soil. As the size of aggregates increased, the surface area of pores
generally increased in both textural classes, with the highest value
for the sandy loam in the 2–4 mm class compared to the 1–2 mm
class for the clay loam. It is worth noting the soil pore
characteristics were limited by the image resolution of
28.75 mm, hence pores smaller than these were not measured.
The coefﬁcient of uniformity of the pore size distribution was
Fig. 5. Variations in average ﬂuxes of CO2, CH4 and N2O (ng g
1 organic matter h1) in different aggregate size fractions in clay loam and sandy loam soils (a) CO2 ﬂux: texture:
F1,30 = 171.33, P < 0.001; aggregates: F1,30 = 3.28, P < 0.05; texture  aggregates: F1,30 = 5.07, P < 0.01; (b) CH4 ﬂux: texture: F1,30 = 92.03, P < 0.001; aggregates: F1,30 = 21.05,
P < 0.001; texture  aggregates: F1,30 = 10.35, P < 0.001; (c) N2O ﬂux: texture: F1,30 = 198.97, P < 0.001; aggregates: F1,30 = 11.51, P < 0.001; texture x aggregates:
F1,30 = 20.57, P < 0.001; Mean values are shown, error bars indicate standard error of mean, n = 4.
Fig. 6. Mean number of pores per sample for the different aggregate size classes in
clay loam and sandy loam soils as measured by X-ray Computed Tomography
(texture: F1,30 = 22.63, P < 0.001; aggregates: F1,30 = 84.77, P < 0.001;
texture  aggregates: F1,30 = 3.71, P < 0.05). Mean values are shown, error bars
indicate standard error of mean, n = 4.
Fig. 7. Mean pore size (mm2) for the different aggregate size classes in clay loam and
sandy loam soils as measured by X-ray CT (texture: F1,30 = 49.45, P < 0.001;
aggregates: F1,30 = 196.07, P < 0.001; texture x aggregates: F1,30 = 11.76, P < 0.001).
Mean values are shown, error bars indicate standard error of mean, n = 4.
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signiﬁcantly different for both texture (P < 0.05) and aggregates
(P < 0.001, data not shown).
3.5. Relationship between fluxes of greenhouse gases and soil physical
properties
Total soil carbon was statistically not correlated with the
average CO2, CH4, N2O gas ﬂux (P > 0.05). However, some aspects
of the soil pore structure were related to GHG emissions. Soil
porosity signiﬁcantly affected CO2 ﬂux (P < 0.05, R
2 = 0.13, Fig. 10)
but not CH4 and N2O ﬂuxes. Only CH4 was related to average pore
sizes among different aggregate size classes with a negative
relationship (P < 0.001, R2 = 0.21, Fig. 11).
4. Discussion
Many complex physico-chemical and biological processes
govern the turnover and protection of carbon in soil (Lugato
et al., 2009). These results showed variable soil aggregate sizes
from contrasting soils store carbon differently. In the sandy loam
soil the intermediate aggregate fraction (1–2 mm) recorded
signiﬁcantly higher carbon, similar to Ferna´ndez et al. (2010)
who also found highest carbon contents in intermediate aggregate
size fractions. In contrast the clay loam soil had greater total
carbon contents in the smallest aggregate size fraction. Smaller
aggregates possess greater ability to protect organic matter and
hence retain more carbon content and for longer (Papadopoulos
et al., 2009). Six et al. (2002) reported slower turnover of carbon in
micro aggregates compared to macro aggregates. These changes in
soil organic matter may have implications on tillage associated
impacts on soil aggregation and carbon sequestration. Nyamad-
zawo et al. (2009) observed 18% higher macro aggregation under
no tillage (NT) compared to continuous maize cropping and
increased macro aggregate protected carbon under NT. Soil
aggregation is reported to be enhanced under no-tillage systems
(Six et al., 2000b) which might increase soil organic carbon content
by protecting humic substances within aggregates (Six et al.,
2000a).
Both texture and aggregate sizes affected the ﬂuxes of various
GHGs. These results clearly demonstrate the importance of soil
aggregates and then subsequent pore characteristics on emission
of CO2 and CH4. The arrangement of soil aggregates determined the
soil porous characteristics which directly mediated the emission of
GHGs such as CO2 and CH4 from soil. Soil CO2 ﬂuxes were affected
by soil porosity in both textures indicating the soil pore network
plays a major role in driving CO2 produced by microbial respiration
to the soil surface. On the other hand the increased soil porosity
might also favour the aeration of soil making more oxygen
available to microbes to act on organic matter and crop residues.
CO2 release was greatest in the sandy loam soil for the largest
aggregate size class which suggests the impact tillage may have on
gas release; although in the clay the largest release was in the
smaller aggregate class which shows the relationship in soil is
texture dependent. Although the effect of total organic matter on
CO2 ﬂux was not statistically signiﬁcant in this study, its effect
might be through microbial action which warrants more studies in
this direction. This is in agreement with Al-Kaisi and Yin (2005)
who also reported non-signiﬁcant relationship between soil CO2
and different forms of carbon and indicated that CO2 emissions in
such case was not limited by soil organic C substrate, instead might
be governed by soil pore characteristics. Regardless of soil texture,
Fig. 8. Mean soil column porosity (%) for the different aggregate size classes in clay
loam and sandy loam soils as measured by X-ray CT (texture: F1,30 = 266.05,
P < 0.001; aggregates: F1,30 = 15.54, P < 0.001; texture  aggregates: F1,30 = 30.21,
P < 0.001). Mean values are shown, error bars indicate standard error of mean, n = 4.
Fig. 9. Average surface area of soil pores (mm2) for the different aggregate size
classes in clay loam and sandy loam soils as measured by X-ray CT (texture:
F1,30 = 133.13, P < 0.001; aggregates: F1,30 = 192.43, P < 0.001;
texture  aggregates: F1,30 = 25.45, P < 0.001). Mean values are shown, error bars
indicate standard error of mean, n = 4.
Fig. 10. The relationship between average soil column porosity and CO2 ﬂux
(F1,38 = 5.92, P  0.05, R
2 = 0.13).
Fig. 11. The relationship between average CT measured soil pore size and CH4 ﬂux
(F1,38 = 9.93, P < 0.001, R
2 = 0.21).
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smaller aggregates produced more CH4 ﬂux, indicating that the
repacked micro aggregates provided sufﬁciently anaerobic condi-
tions for methane production. This is further supported by the
negative relationship between average pore size and CH4 ﬂux
(Fig. 11) as a more anaerobic environment may be provided by the
decreased size of soil pores. The different niches occupied by
methanogenic vs. aerobic microorganisms may be linked to the
level of aggregation in the soil (Sey et al., 2008). The aeration in
packed aggregates increases with increasing aggregate sizes due to
larger inter aggregate pore space (Uchida et al., 2008). The
innermost micro aggregates provided the anaerobic conditions
which might have triggered the activity of methanogens which
predominantly require anaerobic environments for their activity.
These results hence suggest emissions of CH4 can occur in drained
soils due to anaerobic microsites found in the smaller aggregates in
the soil.
N2O emission was not related to the soil pore characteristics.
The N2O ﬂux in soil is related to many factors such as inorganic
nitrogen supply in soil, availability of carbon compounds for the
activity of microbes, soil pH, aeration status, moisture and
temperature (Chapuis-Lardy et al., 2007). The factors reported to
cause negative N2O ﬂuxes such as moisture and temperature
was controlled in this experiment. N2O ﬂux in soil is highly
variable and dynamic and N2O produced in top soil might soon
dissipate to atmosphere without signiﬁcant residence time in
soil (Yoh et al., 1997). In some aggregate fractions the net N2O
produced within the soil core may have been consumed within
soil and hence not reached the top surface (Arah et al., 1991).
When the effect of soil organic matter on ﬂux was eliminated by
expressing the ﬂux in terms of per organic matter basis,
increased gas ﬂux was noticed in the sandy loam soil indicating
the effect of soil pore structure in controlling the emission of
gases to the atmosphere.
The sandy loam soil typically contained more and larger pore
sizes in the different aggregate treatments than the clay loam
soil. The total average porosity also was higher for sandy loam
soil compared to clay loam soil for all the aggregate classes
studied except <0.5 mm size fraction for the given resolution
used here (pores >28.75 mm). Soil hydraulic properties are
largely governed by soil structure (Zhou et al., 2008). Under
saturated conditions the hydraulic conductivity was positively
affected by soil pore characteristics such as the size of pores
(R2 = 0.69, P < 0.001) and average porosity (R2 = 0.10, P  0.05).
Among different CT-measured soil pore characteristics, pore size
accounted for 69% variation in hydraulic conductivity. Udawatta
and Anderson (2008) attributed 76% variation in saturated
hydraulic conductivity to CT measured fractal dimension of
pores and 54% to number of pores, similar to as found in our
study. However Kim et al. (2010) found CT measured macro
porosity as the parameter most correlated with saturated
hydraulic conductivity (R2 = 0.95).
Rapid changes in soil aggregation and pore characteristics are
created by soil management practices such as tillage. Tillage
inﬂuences aggregate size and shape directly by physical disruption
of macro aggregates and indirectly by modifying the biological
environment (Zhang et al., 2012). Several studies indicate
decreased macro aggregate stability under tillage (Malhi et al.,
2006). This is especially important since 92% of the world’s cropped
area are currently tilled (FAO, 2010a,b). We have shown that the
production, consumption and transport of GHGs can be directly
linked to soil structural properties. Tillage induced changes in soil
aggregation govern GHG emission by modifying the physico-
chemical and biological regimes. The disruption of aggregates
releases the physically protected soil organic matter which
increases microbial turnover of soil organic matter and GHG
release (Six et al., 2002). Soil pore characteristics created by
aggregates highly inﬂuence the storage and emission of GHG
produced by microbial activities.
5. Conclusions
Our study demonstrated large differences in macropore
characteristics between two soil types and different aggregate
size classes. Aggregate size had a signiﬁcant inﬂuence on
macroporosity, number of pores and pore size. Soil texture and
aggregate sizes play an important role in building a soil’s porous
architecture, which has implications on release of GHGs from soil.
Soil pore characteristics such as total porosity and pore size
signiﬁcantly inﬂuenced the release of different GHGs such as CO2
and CH4 from soil, but not N2O. Small sized aggregates produced
the highest CO2 ﬂux in clay loam textured soil whereas it was in the
largest and the intermediate sized aggregates in sandy loam
textured soil. CH4 ﬂux was highest with small sized aggregates in
both the textures. The study suggest that soil management
practices such as tillage which have profound implications on
soil structure and pore characteristics, may inﬂuence the GHG
release and water transport through the soil. Soil management
strategies that seek to reduce the emissions of GHG from soil need
to carefully consider the role of soil aggregate size whilst
appreciating that its impact is highly variable between different
soil textures.
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4. Chapter 4: To what extent can zero tillage lead to a 
reduction in greenhouse gas emissions? 
It was shown in Chapters 2 that tillage influences soil physical properties 
significantly and emission of greenhouse gases such as CO2 was influenced by 
soil pore characteristics apart from soil carbon content. Also the tillage 
mediated changes in soil aggregation could play an important role in modifying 
soil porous architecture that will decide the fate of greenhouse gas flux in soil 
as shown in Chapter 3. In this chapter the impact of conservation and 
conventional tillage practices on soil pore characteristics, carbon sequestration 
and greenhouse gas emissions and net effect on total global warming potential 
was assessed, based on soil sampling from zero tilled and tilled farms across 
the East Midlands, UK. The purpose of this experiment was to assess the 
climate mitigation capabilities of conservation tillage and to find out the factors 
governing greenhouse gas emissions under changed condition. This chapter 
address the sub aims 1 and 3, This has been prepared in the paper format.  
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Abstract 
Soil tillage practices have a profound influence on soil physical properties and 
the greenhouse gas balance. Conservation tillage practices such as zero tillage 
have been proposed to reduce greenhouse gas emissions, however there have 
been very few integrated studies on emission of carbon dioxide (CO2), methane 
(CH4) and nitrous oxide (N2O) along with soil physico-chemical characteristics 
under different soil management systems. We conducted a study to evaluate the 
impact of zero tillage and conventional tillage in the United Kingdom that 
assessed soil physical properties such as 3-D pore characteristics, soil 
biochemical characteristics and emission of CO2, CH4 and N2O. The soils 
considered in the zero tillage treatment had been untilled for between 5-10 
years. Soil macro porosity was greater under conventional tillage whereas zero 
tilled soils retained more moisture and had a higher carbon and microbial 
biomass carbon than tilled soils. Significantly higher fluxes of CO2 (21.2% 
higher) and CH4 (57.6% higher) were observed under tilled soils than zero 
tilled soils. Although increased N2O flux (43.5% higher) was observed under 
zero tilled soils, the net global warming potential was significantly higher for 
conventional tillage systems (20% higher than zero tillage systems). In the case 
of CO2 flux, the soil pore characteristics modified by tillage played a 
significant role, whereas for CH4 flux soil strength was found to be the 
dominant factor in multiple regression analysis.  The variation in N2O flux was 
explained mainly by microbial biomass carbon followed by soil moisture and 
to a lesser extent by soil pore size. The physical environment created by not 
tilling a soil plays a major role in modifying the production and release of 
greenhouse gases. The study indicates that reducing tillage practices could play 
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a significant role in minimising emissions of GHGs from soils and contribute 
to efforts to mitigate against climate change.  
4.1 Introduction 
Globally agriculture accounts for 10-12% of total anthropogenic emissions of 
greenhouse gases (GHGs), estimated to be 5.1 to 6.1 Gt CO2-eq yr-1 in 2005 
(Smith et al., 2007). Conservation tillage is one among many different 
mitigation options suggested to reduce GHG emission from agriculture. 
Conservation tillage practices such as reduced/minimum/zero tillage, direct 
drilling and strip cropping are also widely recommended to protect soil against 
erosion and degradation of soil structure (Petersen et al., 2011), create greater 
aggregate stability (Zotarelli et al., 2007; Fernández et al., 2010), increase soil 
organic matter content and enhance sequestration of carbon (Six et al., 2000; 
West et al., 2002b), mitigate GHG emissions (Kong et al., 2009) and improve 
biological activity (Helgason et al., 2010). Derpsch (2009) estimated that 
approximately 45 million hectares of land was under conservation tillage 
management worldwide in the year 2001, by 2007-08 this area had more than 
doubled. Minimum tillage practices have been previously reported to reduce 
GHG emissions from soil directly with the reduced use of fossil fuels in field 
preparation, in addition to increasing carbon sequestration in soil (Petersen et 
al., 2008). However, recently it was reported that reduced tillage could lead to 
a stratification of soil organic carbon at the surface (Baker et al., 2007) against 
the more uniform distribution of carbon in conventionally tilled soils 
(Campbell et al., 2000). Although Hermle et al. (2008) found a net carbon 
sequestration to a depth of 50 cm after 20 years of no tillage. The surface 
accumulated crop residues under reduced tilled conditions may result in carbon 
88 
 
being lost to the atmosphere upon decomposition (Petersen et al., 2008). 
Furthermore, climate change mitigation benefits such as reduced CO2 
emissions by virtue of increased sequestration of carbon and increased CH4 
uptake under reduced tillage could be offset by an increased emission of N2O, a 
greenhouse gas with higher warming potential (Six et al., 2004; Chatskikh et 
al., 2007; Hermle et al., 2008).  Increased N2O emissions have been related to 
increased denitrification under reduced tillage due to the formation of micro-
aggregates within macro-aggregates that create anaerobic micro sites (Hermle 
et al., 2008) with increased microbial activity leading to a higher competition 
for oxygen (West et al., 2002a). Reduction of tillage can also create increased 
soil densification and a subsequent decrease in the volume of macropores 
(Schjønning et al., 2000) leading to soil compaction and reduced gaseous 
exchange. Soil aggregation and the resultant geometry of the pore structure are 
vitally important characteristics affected by tillage practices which impacts on 
the physico-chemical and hydro-thermal regime in soil and ultimately crop 
yield. Additionally the effect of tillage on the environment varies across farms 
geographically since the impacts of tillage on soil organic matter and net 
greenhouse balance depends on soil type, climatic variables and management 
(Chatskikh et al., 2007).  
There are no previous studies that have considered the effect of tillage on net 
balance of greenhouse gas emissions and the combined role of soil porous 
architecture. Traditional methods for measuring soil structure such as soil 
moisture retention curves and aggregate size distribution are limited as they are 
destructive and do not provide the soil pore size distribution in three 
dimensions (Gantzer et al., 2002). However, imaging technologies such as X-
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ray Computed Tomography (CT) can be used to reveal the undisturbed 
structure, aggregation and pore characteristics of soils at high resolutions (e.g. 
microscale). Gantzer et al. (2002) previously already demonstrated CT can be 
used to reveal the differences in macroporosity between conventionally and 
conservatively managed soils. Here we sought to evaluate the impact of zero 
tillage and conventional tillage practices on soil pore characteristics, carbon 
sequestration and greenhouse gas emissions. We hypothesised that zero tillage 
improves C sequestration and reduces greenhouse gas emissions compared to 
conventional tillage, through the nature of the porous network that is 
developed. 
4.2 Materials and methods 
4.2.1 Site selection and sample collection 
A selection of 22 farms in Leicestershire, Nottinghamshire and Lincolnshire in 
the East Midlands of the UK where zero tillage is practised were chosen for 
analysis (Fig. 4.1). All sampling sites comprised pairs of intensely tilled farms 
and farms where zero tillage practices were practised. Each paired field was 
located directly adjacent to each other and the distances between paired fields 
never exceeded 10 metres (Fig. 4.2 to 4.5). The zero tilled soils had been 
managed in this way for a minimum of 5 years to a maximum of 10 years 
whereas the tilled soils were subjected to ploughing every year to a depth of 10 
cm. Selected site characteristics are presented in Table 4.1. In fields under zero 
tillage, stubble was left at the surface after the harvest of previous crop. 
Weeding was achieved by spraying glyphosate before drilling. Seed drilling 
was carried out between the root stocks of previous crop using a range of min-
till seed drills. Wheat, oil seed rape and oats were cultivated under zero tilled 
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fields. The tilled soil sites were annually ploughed to depths of 20-25 cm and 
contained the same crops as the zero tilled fields.  
 
 
      Fig. 4.1. A map showing the location of sampling sites for experiment 3 
 
Intact soil cores were collected using a manual core sampler, following harvest 
of the previous crop, between November-December 2011. The core sampling 
was performed to a depth of 20 cm with a diameter of 5 cm cores. The 
sampling was replicated in random locations three times at each site. These 
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core samples were labelled and sealed in plastic bags before being transported 
to the laboratory. Samples were stored at 4oC until analysed. Bulk soil samples 
of about 1 kilogram were also collected from two depth ranges (0 to 10 cm and 
10 to 20 cm) and were also stored at 4oC until measurement. Smaller soil cores 
were collected in the field using stainless steel cylinders (radius 3.4 cm, height 
4 cm) for the measurement of bulk density (Page et al., 1982). 
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Fig. 4.4. Sampling sites at Oahkam B (Zero tilled, left and tilled, right) 
Fig. 4.5. Sampling sites at Canwick (Zero tilled, left and tilled, right) 
Fig. 4.3. Sampling sites at Thurlby A (Zero tilled, left and tilled, right) 
Fig. 4.2. Some of the min-till devices used by farmers in East Midlands 
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4.2.2 Soil physical properties 
Soil physical properties such as shear strength,volumetric water content, And 
particle size analysis were estimated by standard procedures (Appendix). 
4.2.3 X-ray Computed Tomography (CT) 
Prior to the study of GHGs, the soil core samples were subjected to 
morphological analysis using an X-ray CT scanner (Nanotom, Phoenix X-ray, 
GE Sensing and Inspection Technologies GmbH, Germany) to visualise and 
measure the internal soil structure. The cores were scanned at a voltage of 140 
kV and a current of 100 mA. A copper filter of thickness 0.25 mm was used to 
minimise artefacts such as beam hardening. The image resolution was 64 µm 
per voxel. The soil core was positioned vertically onto the scanner platform. 
Each scan lasted 100 minutes per core, scanning both top and bottom 10 cm 
portions in a split scan. Whilst it is possible to achieve much faster scan times 
than this, a larger scan time was used to achieve the highest possible image 
quality. For each scan 1000 images were collected.  
The images obtained were visualised using the software, VG StudioMax 
(Volume Graphics). The images were converted to the .tiff format and analysed 
using ImageJ (Rasband, 2002) to study the pore characteristics. A rectangular 
region of interest (27.94 x 27.94 mm2) was selected to avoid the edges of the 
soil cores. In addition the first 100 images each from the beginning and end of 
the scan were discarded due to cone beam artefacts. The images were 
sharpened to highlight the image features and then smoothed by a median filter 
before being converted to binary scale  using the minimum  threshold 
algorithm in ImageJ (Fig. 4.6). Both dark and bright outliers were removed and  
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Fig. 4.6. Non-destructive 3D imaging of soil. A-C Thurlby (Tilled), D-F 
Wragby (Zero Tilled).  A&D: 3D rendered grayscale density map of soil cores 
VKRZLQJ D YLUWXDO µFXW-RXW¶ WR WKH UHYHDOLQJ FOHDU GLIIHUHQFHV VRLO VWUXFWXUH
between the two treatments. B&E: Thresholded 3D image highlighWLQJµVROLG¶
VRLOLQEURZQDQGµYRLG¶SRUHVSDFHLQZKLWH  C&F: Visualisation of pore space 
RQO\KLJKOLJKWLQJ LW¶VFRQQHFWLYLW\DQG WKHSUHVHQFHRIQXPHURXVELR-pores in 
the zero tilled soil. Scale bar = 10 mm. 
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the µILOO KROHV¶ IXQFWLRQ ZDV XVHG WR UHPRYH QRLVH 0HDVXUHPHQWV RQ VRLO
physical features were obtained on the binary images which included porosity, 
number of pores, pore size and surface area of pores.  
4.2.4 Soil chemical and biological properties 
Various soil poroperties studied include soil pH, total soil organic matter, 
ammonium and nitrate nitrogen, microbial biomass carbon and microbial 
biomass nitrogen. Detailed description of procedures are provided in appendix. 
4.2.5 Fluxes of greenhouse gases 
Cores were removed from the 4oC environment and kept at a constant 
temperature of 16 oC for 48 hours to activate and stabilise the biological 
activity. Gas sampling was performed by placing cores in 1.5 litre plastic jars 
(20 cm height and 10 cm diameter) with a septum on the top to aid gas 
sampling using a 20 ml syringe.  The detailed description of procedure is given 
in appendix.  
4.2.6 Statistical analysis 
Each site consisted of a pair of fields; one of which was ploughed and the other 
had been zero tilled for a number of years. The sites were in areas consisting of 
a range of soil types. The sites were located in different geographical regions 
although at each site the tilled and zero tilled plots were located adjacent to 
each other (always separated by <10m). Samples were taken at random 
locations in each field and at two soil depths (0-10 and 10-20 cm). The 
variation in soil properties in response to tillage and soil depth was analysed as 
split-split plot design in a linear mixed model with site, field and location 
within fields as random effects. Tillage, soil depth and their interaction were 
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considered as fixed effects. To further test the effect of number of years since 
adoption of zero tillage and to account for differences with respect to soil 
texture, the clay content of the soil and, for each zero-tilled field, the number of 
years since conversion to zero tillage and their interactions with soil depth were 
included as fixed effects in the model. Multiple linear regressions were used to 
predict the best model describing the fluxes of GHGs from soil. The maximal 
model consisted of all the physical, chemical and biological properties studied 
in this experiment. By using a stepwise backwards elimination process, only 
the variables that contributed significantly to the model and reduced the 
residual sum of squares were retained in the model. For illustrative purposes 
we also carried out the single linear regression between the parameters that 
contributed to the multiple regression models. All tests were performed using 
Genstat (14th Edition, VSN International Ltd, Hemel Hempstead, UK). 
4.3 Results 
4.3.1 Soil physical properties 
Soil texture varied substantially between the different sites. The soils at 
Bingham, Burton Lazars and Bourne were predominantly clayey in texture 
whereas the soils at Canwick, Lissington, Whitehall and Wragby were 
predominantly sand textured (Table 4.1). No significant variation was found in 
soil texture between paired fields (P >0.05). Zero tilled soils had higher bulk 
density (1.16 Mg m-3) than tilled soils (1.09 Mg m-3) (Fig. 4.7a, P <0.001) 
while the duration (from 5 to 10 years) under zero tillage did not influence bulk 
density (P >0.05).  Zero tilled soils had an increased average shear strength of 
28.0 MPa compared to 12.0 MPa under tilled fields (Fig. 4.7b, P <0.001), but 
the duration of zero tillage did not affect the shear strength (P >0.05).  
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Fig. 4.7. Selected soil physical property results for zero tilled and tilled 
managed soil. (a) and (b) depicts the bulk density and soil shear strength under 
zero tilled and tilled soils. Figures from (c) to (f) shows the field soil water 
content (c), soil porosity (d), soil pore size (e) and surface area of soil pores (f) 
at the surface (0-10 cm) and sub-surface layers (10-20 cm) in zero tilled and 
tilled soils (average values for different sites and standard error of the mean are 
shown, n = 33). Figures d-f measured by X-ray CT. 
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Average soil moisture content (volumetric) was significantly higher under zero 
tilled soils (29.3%) compared to tilled soils (26.0%) (P <0.01), although, the 
duration of zero tillage did not have a significant effect on soil moisture 
content (P >0.05). 
4.3.2 Soil pore characteristics 
X-ray CT measured soil porosity was significantly higher under tilled soil 
(14.0%) than zero tilled soil (9.0%) (P <0.001, Fig. 4.7d). The porosity in the 
surface layer (0-10 cm) of tilled soils were 32% higher than under zero tilled 
soils and in the 10-20 cm layer the porosity of tilled soils were 29% higher 
compared to zero tilled soils (P <0.001). The duration of tillage and its 
interaction with depth was not statistically significant (Table 4.2). 
Soil pore size followed a similar pattern to soil porosity (Fig. 4.7e). Pore size 
significantly varied with tillage type and soil depth with increased pore size at 
the surface layers of tilled soil (Table 4.2, P <0.05). Tilled soils had larger 
pores (0.52 mm2) compared to zero tilled soils (0.27 mm2) (P <0.01) with the 
largest pore sizes recorded in the 0-10 cm layer (0.55 mm2) as opposed to the 
10-20 cm layer (0.24 mm2) (P <0.001). 
The surface area of the soil pore system was higher under tilled soil (Fig. 4.7f, 
P <0.001). The surface area of pores was also greater in the 0-10 cm depth 
(1.83 mm2) than the 10-20 cm samples (1.07 mm2) across both tilled and zero 
tilled soils (P <0.01). Duration of zero tillage did not influence the pore surface 
area (Table 4.2, P >0.05). 
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4.3.3 Soil chemical and biological properties 
Tillage practice did not have an effect on soil pH (P >0.05) while soil pH was 
higher in the 10-20 cm layer than in the 0-10 cm layer (Table 4.2 and 5.3, P 
<0.001). Zero tilled sites contained significantly more SOM than tilled fields 
(P <0.001). Soil from the 0-10 cm layer contained more SOM than soils from 
the 10-20 cm layers in both zero tilled (7.81 and 7.41% at surface 0-10 cm and 
subsurface 10-20 cm respectively) and tilled soils (6.60% at surface and 6.15% 
at subsurface) (Table 4.3, P <0.001). There were no significant effects for 
duration of tillage on soil organic matter (Table 4.2). 
Neither NH4-N nor NO3-N content in the soil was affected by tillage. Soil from 
the upper 10 cm contained significantly higher NH4-N than the 10-20 cm layer 
(Table 4.3, P <0.01). Nitrate (NO3-N) followed a similar trend to that of NH4-
N. Tillage type and tillage duration did not influence the NO3-N content. Soil 
depth significantly influenced NO3-N content (P <0.001) with the highest 
amount in the surface layer (0-10 cm) under both zero tillage and conventional 
tillage.  
Zero tilled soils contained significantly more microbial biomass carbon than 
tilled soils (P <0.001). The mean microbial biomass carbon under zero tilled 
soil was 510.4 mg kg-1 soil against 403.2 mg kg-1 soil in tilled soils. Microbial 
biomass carbon was significantly higher in the 0-10 cm layer (591.8 mg kg-1 
soil) than the 10-20 cm layer (442.2 mg kg-1 soil) under zero tillage (P <0.001, 
Fig. 4.8). However there was no significant effect of duration of zero tillage 
(Table 4.2). 
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Fig. 4.8. Microbial biomass carbon at surface and sub-surface layers in zero 
tilled and tilled soils (average values for different sites and standard error of the 
mean are shown, n = 33). 
Tillage and soil depth significantly influenced soil microbial biomass nitrogen 
(Table 4.2 and 4.3). Zero tilled soils contained a higher microbial biomass 
nitrogen (91.1 mg kg-1 soil) than tilled soil (70.0 mg kg-1 soil) (P <0.001). 
Surface layers (0-10 cm) maintained more microbial biomass nitrogen than sub 
surface layers (10-20 cm) under both zero tilled soils and tilled soils.  
4.3.4 Fluxes of greenhouse gases 
CO2 flux was higher from tilled soils than zero tilled soil (P <0.05, Fig. 4.9a). 
CO2 fluxes under zero tilled soil ranged from 47 to 216 mg m-2 h-1 with a mean 
value of 141 mg m-2 h-1 whilst under tilled sites it ranged from 119 to 236 mg 
m-2 h-1 with a mean value of 171 mg m-2 h-1. The CO2 flux on a per soil weight 
basis was also higher under tilled soil (873 ng g-1 h-1 soil) compared to zero 
tilled soil (688 ng g-1 h-1 soil) (P <0.01, Fig. 4.9b).  
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Fig. 4.9a. Fluxes of CO2, CH4 and N2O expressed per surface area under zero 
tilled and tilled soils (average values for different sites and standard error of the 
mean are shown, n = 33). 
 
Fig. 4.9b. Fluxes of CO2, CH4 and N2O expressed per gram of soil under zero 
tilled and tilled soils (average values for different sites and standard error of the 
mean are shown, n = 33). 
 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0
20
40
60
80
100
120
140
160
180
200
Zero tilled Tilled
C
H
4 
a
n
d 
N
2O
 
flu
x 
(m
g 
C
H
4-
C
 o
r 
N
2O
-
N
 m
-
2  
h-
1 ) 
C
O
2 
flu
x 
(m
g 
C
O
2-
C
 m
-
2  
h-
1 ) 
CO2 CH4 N2O
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0
100
200
300
400
500
600
700
800
900
1000
Zero tilled Tilled
C
H
4 
a
n
d 
N
2O
 
flu
x 
(n
g 
C
H
4-
C
 o
r 
N
2O
-
N
 g
-
1  
h-
1 ) 
C
O
2 
flu
x 
(n
g 
C
O
2-
C
 g
-
1  
h-
1 ) 
CO2 CH4 N2O
102 
 
CH4 fluxes were generally positive and higher from tilled soils (0.044 mg m-2 
h-1 or 0.22 ng g-1 soil) compared to zero tilled soil (0.018 mg m-2 h-1 or 0.09 ng 
g-1 soil)  (P <0.05, Fig. 5.4a and 4.9b). In contrast, N2O emissions were higher 
under zero tilled soil (0.63 ng g-1 h-1) than tilled soils (0.36 ng g-1 h-1) (68% 
higher under zero tilled soils when measured on a soil area basis and 77% on a 
soil dry weight basis) (P <0.01, Fig. 4.9a and 4.9b).  
The net global warming potential calculated was significantly higher from 
tilled soil than zero tilled ones. Tilled soil produced 20% on area basis or 26% 
on weight basis greater global warming potential (GWP) than zero tilled soil (P 
<0.05, Fig. 4.10). There was no evidence to suggest that the duration of zero 
tillage considered in this study affected net emissions of greenhouse gases.  
 
 
 
Fig. 4.10. Global warming potential under zero tilled and tilled soils (average 
values for different sites and standard error of the mean are shown, n = 33). (a) 
GWP expressed in terms of mg m-2 h-1and (b) GWP expressed in terms of ng g-
1
 h-1. 
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4.3.5 Relationship between greenhouse gas fluxes and soil properties 
CO2 fluxes were predicted by a multiple regression model (P < 0.001) 
including bulk density (BD), microbial biomass carbon (MBC) and soil 
porosity (P) which accounted for 69.9% of the variation. The optimal model for 
CO2 flux is provided in the equation 1. 
CO2 flux (mg m-2 h-1) =124.1 ± 39.1BD + 0.0412MBC + 3.689P  (1) 
In this model the soil porosity contributed to c.40% of variation, much higher 
than the individual contribution by any other parameter, as illustrated by 
retaining the parameter when fitting last from the model. Microbial biomass 
carbon and bulk density contributed to 30% of the total variation (Figures 
4.11a, 4.11b and 4.11c).  
Only soil shear strength, as a measure of soil density (SS) explained variation 
(18.0%) in CH4 flux (Equation 2, Figure 4.11d, P <0.01).  
CH4 flux (mg m-2 h-1) = 0.05344 ± 0.001078SS (2) 
The optimal model (equation 3) for N2O flux accounted for 62.0% of the 
variation and included soil moisture (SM), microbial biomass nitrogen (MBN) 
and microbial biomass carbon (MBC) (Figures 4.11e and 4.11f, P <0.001).  
N2O flux (mg m-2 h-1) = -0.0746 + 0.002057SM ± 0.00049 
MBN + 0.0003104MBC 
(3) 
Individually microbial  biomass carbon explained the greatest proportion 
(20.8%) of the total variation when   fitted last in the model. Removing soil 
moisture   and microbial biomass nitrogen separately from the model  did not  
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Fig. 4.11. Illustration of important relationships between soil bio-physical 
properties and GHG release. (a) soil bulk density and CO2 flux from soil; F1,64 
= 42.08, P <0.001 (b) microbial biomass carbon and CO2 flux; F1,64 = 5.89, P 
<0.05 (c) soil porosity and CO2 flux; F1,64 = 110.14, P <0.001 (d) soil shear 
strength and CH4 flux; F1,64 = 14.08, P <0.001 (e)  soil moisture content and 
N2O flux, ; F1,64 = 12.62, P <0.001 and (f) microbial biomass carbon and N2O 
flux; ; F1,64 = 69.5, P <0.001. 
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substantially decrease the amount of variation explained suggesting that these 
factors were confounded. 
4.4 Discussion 
Here we have demonstrated tillage practice has the potential to strongly 
influence release of CO2, CH4 and N2O, through its impact on soil biophysical 
properties. However, the main driving factors and the direction of change 
varied among the three GHGs measured. The higher CO2 release found in 
response to tillage highlights the role of ploughing in the turnover of soil 
aggregates and exposure of organic materials for microbial decomposition 
(Ussiri et al., 2009b). Soil pore characteristics such as overall porosity were a 
stronger predictor of CO2 flux than soil organic matter and microbial biomass 
carbon, which has not previously been reported. The effect of zero tillage was 
to reduce soil porosity by 29%, which lead to 21% reduction in CO2 efflux. 
These results demonstrate that the increased soil porosity under conventional 
tillage favours the activities of aerobic organisms by improving movement of 
water and air through the soils (Udawatta et al., 2008) with important 
implications for CO2 emissions. In parallel, strong effects of soil bulk density 
on CO2 productions was shown by Beare et al. (2009) who found 2.3 times 
more CO2 production under uncompacted soil than in compacted soil. The CO2 
flux data presented here (47 to 235 mg m-2 h-1) and is in the range of that 
reported for arable land (47 mg m-2 h-1) and grassland (186 mg m-2 h-1) for 
European soils by Schaufler et al. (2010). Similar effects of tillage on CO2 
fluxes were shown by Ball et al. (1999) who attributed the greater CO2 efflux 
to the larger pores created by tillage. 
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CH4 flux ranged from 0.0025 to 0.16 mg m-2 h-1, which is high compared to 
values reported by Schaufler et al. (2010): e.g. average CH4 flux in arable land 
was 0.0014 mg m-2 h-1 and in grassland it was 0.0005 mg m-2 h-1. The reduced 
CH4 flux under zero tillage was best predicted by soil shear strength which 
reflects the reduced porosity and high bulk density in zero tilled soils (Wu et 
al., 1992; Schjønning et al., 2000; Bhattacharyya et al., 2006). Furthermore 
increased bulk density in soil can prevent flow of CH4 in soil and the resulting 
enhanced retention of CH4 in soil may improve its oxidation by methanotrophs  
(Smith et al., 2001). The development of methanotrophic populations is 
negatively affected by tillage (Mosier et al., 1997) which are slow to recover 
(Hütsch, 1998; Nazaries et al., 2011). Despite the less porous and wetter status 
of zero tilled soils, which normally promote CH4 production (Yu et al., 2007), 
the opposite was the case here which may be due to increased activity of 
methanotrophic bacteria (Ussiri et al., 2009a).  
N2O fluxes were comparable to those of Regina et al. (2010) in Finnish soils 
after 5-7 years of zero till management (0.003 to 0.23 mg m-2 h-1) with 
significantly higher N2O fluxes under zero till soils. They reported 21 to 86% 
higher N2O flux in zero till soils when compared to tilled soils. The average 
increased emission of N2O flux under zero tilled soils obtained by Oorts et al. 
(2007) was 39% for a 30 year experiment. As with CH4, N2O is also produced 
under reducing conditions in water logged and poorly aerated soils (Gregorich 
et al. 2008, Choudhary et al. 2002), the increased N2O emissions from zero 
tilled soils was attributed in part to the wetter and denser soils found under this 
management regime. In contrast to the CO2 and CH4 fluxes, the production of 
N2O was most strongly related to the total soil microbial biomass. The greater 
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total soil microbial biomass found under zero tillage may play very important 
role for N2O release. One important aspect of zero tillage is enhanced crop 
residue retention resulting in greater SOM content. Given the importance of an 
adequate supply of labile substrates for the denitrifying bacteria (Choudhary et 
al., 2002), it may also be that the crop retention under zero tillage drives 
greater N2O release.  
Tilled soil produced 20% greater net global warming than zero tilled soil 
indicating a potential for zero tillage system to mitigate climate change after 
only 5 to 10 years since conversion (earlier than this was not measured here). 
In parallel with this Del Grosso et al. (2005) also reported a 33% reduction in 
global warming potential under zero tillage (0.29 Mg C ha-1 y-1) compared with 
tilled soil (0.43 Mg C ha-1 y-1) for major non-rice cropping systems in US. 
However some contradictory research was reported that increased global 
warming under zero tillage (Robertson et al., 2004; Piva et al., 2012).  
Zero tilled soils had enhanced SOM, microbial biomass carbon and nitrogen 
compared to tilled soils. Importantly, the time during which the soils had been 
under conservation tillage did not influence the SOM content in the soil, 
suggesting that a steady state is reached (although only changes between 5 and 
10 years were measured). Although West and Post (2002b) in similar work 
recorded a large increase between 5-10 years. The time required to reach a 
steady state for carbon sequestration will vary with respect to climate, soil 
types and the management practices followed (Post et al., 2004).  
A very important question remains is how the impact of the change in soil 
porosity brought by tillage/zero tillage on net GHG release and the GWP varies 
spatiotemporally across a greater range of soils types, crops and climate than 
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those explored in our study. With reduced tillage practices becoming more 
prevalent globally, it is important to further understand the impacts of this on 
the biophysical evolution of the soil environment at both micro and 
macroscales. It is clear from this study that the modification of soil structure by 
tillage plays a crucial role for GHG release. Our study was based on analysis 
on undisturbed cores, and to fully account for the impact of zero tillage on 
GHG release it is important to extend this work to insitu field measurement 
through the year to account for variation in weather and crop development.  In 
conclusion, we have shown soils under zero tillage increased N2O emissions, 
but this is counterbalanced by a substantial reduction in CO2 and CH4 
emissions which is closely linked to the geometry of the soil pores. To evaluate 
the potential of zero till as a tool for mitigation of climate change there is a 
need to assess the impact of zero till on yield to ensure a balance between 
climate change mitigation and food security is achieved. 
This chapter addressed the sub aims 1 and 3 of the thesis; to evaluate the 
changes in soil pore characteristics under different tillage practices and to 
investigate climate change mitigation capabilities of zero tillage. This chapter 
demonstrated that zero tilled soils exhibited less global warming potential 
compared to tilled soils and the greenhouse gas emissions from soil is affected 
by the physical characteristics to a considerable extent. 
  
109 
 
List of tables 
Table 
number 
Table title 
4.1 Selected soil and management characteristics of the experimental 
sites. 
4.2 Statistical output from linear mixed modelling (texture, tillage, 
duration, depth) for the physico-chemical characteristics of soils 
under zero tillage and conventional tillage (F statistic). 
4.3 Selected chemical properties of soils under zero tillage and 
conventional tillage. 
  
110 
 
Table 4.1. Selected soil and management characteristics of the experimental sites. 
 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10 Site 11 
Location Bourne- 
A 
Bourne 
-B  
White 
hall  
Lissington Oakham-
A  
Oakham-B Burton 
L- A 
Burton L- 
B 
Bingham Canwick Wragby 
Elevation (m) 45 62 48 21 75 94 54 43 19 32 26 
Years under zero till 
management 
7  7 10 10 7 7 7 7 8 5 5 
Cropping activity at 
tilled site 
Wheat Wheat Wheat Wheat Wheat Wheat Wheat Wheat/Peas Wheat Sugar 
beet 
OSR* 
Cropping at zero 
tilled site 
Wheat Wheat Wheat Wheat Wheat Wheat Wheat Wheat/OSR Wheat Wheat Wheat/OSR 
Soil texture Clay Clay Sandy 
loam 
Sandy 
clay 
Silt loam Silty clay 
loam 
Clay Silty clay Clay Sandy 
loam 
Sandy clay 
*Oil seed rape 
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Table 4.2. Statistical output from linear mixed modelling (texture, tillage, duration, depth) for the physico-chemical characteristics of soils under 
zero tillage and conventional tillage (F statistic). 
Parameter Clay (%) Tillage Duration of tillage  Depth  Tillage x depth Duration of tillage x depth 
Moisture content 6.97 (58)* 17.86 (10)** 0.0 (10)ns 52.29 (63)*** 3.27 (63)ns 0.65 (63)ns 
Porosity 6.70 (32)* 16.49 (14)*** 0.02 (14)ns 59.3 (63)*** 15.86 (63)*** 1.61 (63)ns 
Pore size 11.31 (21)** 14.21 (15)** 0.38 (15)ns 17.26 (63)*** 4.89 (63)** 0.37 (63)ns 
Surface area of pores 14.71 (36)*** 17.01 (13)*** 0.15 (13)ns 47.71 (63)*** 8.36 (63)** 0.25 (63)ns 
Soil pH (1:2) 6.72 (46)* 0.40 (17)ns 1.83 (17)ns 38.49 (63)*** 15.78 (63)*** 1.64 (63)ns 
Soil organic matter 0.07 (53)ns 33.24 (10)*** 0.02 (10)ns 84.13 (63)*** 0.22 (63)ns 0.12 (63)ns 
NH4-N  3.86 (44) * 1.21 ns 0.73 ns 7.52 (63)** 0.10 (63)ns 3.97 (63)ns 
NO3-N 2.35 (40)ns 0.04 (17)ns 6.45 (17)ns 29.8 (63)*** 5.03 (63)* 0.57 (63)ns 
Microbial biomass carbon 0.25 (57)ns 33.96 (10)*** 2.12 (10)ns 37.14 (63)*** 35.67 (63)*** 4.82 (63)* 
Microbial biomass nitrogen 0.11 (33)ns 25.85 (10)* 1.96 (10)ns 20.42 (63)*** 7.44 (63)** 0.59 (63)ns 
(Figures in parenthesis indicate degrees of freedom), ns: non-significant. 
*** p <0.001. 
** p <0.01. 
* p <0.05. 
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Table 4.3. Selected chemical properties of soils under zero tillage and conventional tillage*. 
Tillage Depth  Soil pH (1:2) Soil organic 
matter (%) 
NH4-N (mg kg-1 
soil) 
NO3-N (mg kg-1 
soil) 
Microbial biomass 
N (mg kg-1 soil) 
Zero tilled Surface  
(0-10 cm) 
6.98±0.13 7.81±0.44 2.59±0.10 0.66±0.05 104.9±7.92 
 Sub surface 
(10-20 cm) 
7.32±0.10 7.41±0.42 2.42±0.08 0.45±0.04 77.3±5.11 
Tilled Surface  
(0-10 cm) 
7.22±0.14 6.59±0.42 2.51±0.16 0.62±0.06 73.4±5.11 
 Sub surface 
(10-20 cm) 
7.29±0.13 6.15±0.40 2.30±0.14 0.54±0.06 66.6±3.79 
*Mean±Standard Error of mean (n=33) 
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5. Chapter 5: Microbial mechanisms governing soil carbon 
sequestration under conservation tillage in temperate 
soils 
The previous chapters (2, 3 and 4) have shown that tillage practices significantly 
affect soil physical properties. The changed physical properties affected the soil 
carbon storage and emission of greenhouse gases from soil. The zero tillage practices 
have been found beneficial ti reduce overall greenhouse gas emission in comparison 
to conventional tillage practices. The carbon sequestration capabilities of zero tillage 
practices were also demonstrated in chapters 2 and 4. However the microbial and 
physico-chemical mechanisms of C protection or sequestration related to a change in 
soil management are less well understood. Therefore and experiment was formulated 
to assesses the microbial and biological basis of carbon sequestration for soils 
managed by conventional and conservation tillage. The fluxes of greenhouse gases 
were assessed in a disturbed condition, along with assessment of soil biochemical 
properties such as enzymes, functional groups of organic matter and active microbial 
functional diversity. This paper will be submitted to the Soil Biology and 
Biochemistry and is presented in an unpublished paper format. 
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Abstract 
Studies on reduced tillage practices have indicated that a reduction in soil disturbance 
can be useful to preserve soil organic matter. In this study we explored the role of 
microbial processes and functional organic chemistry for C sequestration in soils that 
had been zero tilled for 7 years against annually tilled soils located adjacent to each 
other. Zero tilled soils contained 9% more soil C and 30% higher microbial biomass 
C than tilled soil. Increased CO2 emission was observed in tilled soils compared to 
zero tilled. Overall the global warming potential was 69% less under zero tilled soil 
compared to tilled soils, although increased CH4 and N2O fluxes were recorded under 
zero tilled soils. Increased microbial activity was evident in zero tilled soils as 
observed from the increased activities of enzymes such as dehydrogenase, cellulose, 
115 
 
[\ODQDVHȕ-glucosidase, phenol oxidase and peroxidase. Under zero tilled soils C is 
preserved in recalcitrant forms which are facilitated by the increased activities of 
microbes in the presence of increased accumulation of crop residues. These results 
suggest that a modified microbial regime plays a major role in sequestering carbon in 
zero tilled condition.  
5.1 Introduction 
Soil C sequestration has been suggested as a strategy to mitigate greenhouse gas 
emissions and improve soil quality (Bhattacharyya et al., 2009). It has been estimated 
agricultural soils have the potential to sequester about 5500 to 6000 Mt CO2 ±eq per 
year by 2030 (Chatterjee et al., 2009). The soil C stocks and the potential of soil to 
sequester C are affected by different environmental variables such as regional 
climate, soil physical and chemical properties and soil management (West et al., 
2007). Maintaining and preserving soil organic matter is crucial given the major role 
it plays in controlling the physico-chemical and biological properties that affect crop 
production and sustainability of agricultural ecosystems (Denef et al., 2004).  
Conservation tillage practices have been shown to improve or to maintain soil 
organic matter by helping to sequester C in soil (West et al., 2002). The increased C 
sequestration capabilities under conservation tillage practices have been attributed to 
the low degree of soil disturbance which minimise the decomposition of soil organic 
matter and develop a litter layer at the surface that modifies the soil physico-chemical 
and biological properties (de Rouw et al., 2010).  
Organic matter in soil occurs as a complex heterogeneous mixture of organic 
compounds and consists of different fractions each of which varies in their stability 
against degradation. Management practices such as tillage alter the soil matrix by 
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manipulating soil porous architecture and subsequently influence the location of 
microorganisms around or within soil aggregates.  The literature suggests physico-
chemical protection of soil organic matter largely depends on soil aggregation 
(Golchin et al., 1994; Six et al., 2000b). The biochemically recalcitrant stable fraction 
of C is reported to have a turnover rate of many thousands of years while the labile 
fraction is characterised by more decomposition in response to soil management such 
as tillage and crop rotation (Zotarelli et al., 2007). A third intermediary fraction is 
stabilised by physico-chemical mechanisms by occupying within the soil aggregtes or 
by bonding to clay surfaces (Hermle et al., 2008). The amount of C sequestered in 
agricultural soil depends on how each of these fractions responds to tillage practices. 
Apart from the physical aspects of organic matter protection by soil aggregates (of 
various sizes), the chemical structure of organic matter itself is also another important 
determinant deciding the sequestration of C in soil. Traditionally organic matter 
dynamics in soil have been assessed by chemical fractionation into humic, fulvic 
acids and humin (Balesdent, 1996) or by physical methods such as physical 
fractionation  and density fractionation (Six et al., 2000a). However, these methods 
provide no insight into the functional composition of the organic materials. The use 
of Fourier Transform Infrared spectroscopy has been used to study SOM 
characteristics in soil due to its ability to provide the information of functional groups 
and structural entities (Mao et al., 2008).  
The microbial community structure in soils play an important role in determining the 
amount of C sequestered in soil or decomposed and released into the atmosphere. 
Microorganisms aid sequestration by re-synthesising the products of decomposition 
into stable organic matter compounds (Bausenwein et al., 2008). Due to the 
continuous addition of substrates under conservation tillage practices, the pattern of 
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microbial community structure may be distinctly different from the tilled soil 
(Plassart et al., 2008).  Changes in microbial community with respect to increased 
arbuscular michorizal fungi and PLFA profiles were reported by Helgason et al. 
(2010). These changes in microbial community may be reflected in microbial 
functioning of the soil by affecting soil enzymatic activities (Acosta-Martínez et al., 
2008). A number of soil enzymes are involved in the carbon dynamics in soil 
(Sardans et al., 2008). Cellulase and xylanase are important enzymes in carbon 
metabolism bringing decomposition of organic constituents in plant materials  
(Luxhøi et al., 2002) ȕ-glocosidase is another important enzyme in the C cycle 
responsible for hydrolytic breakdown of organic constituents in plant litter (Madejon 
et al., 2003). Dehydrogenase activity in soil indicate the intensity of microbial 
metabolism in soil (Tabatabai, 1982), whereas oxido- reductive enzymes such as 
phenol oxidase and peroxidase performs lignin degradation, humification and carbon 
mineralisation (Sinsabaugh, 2010). Tilled soils have been reported to contain lower 
enzymatic activity than zero tilled soils (Melero et al., 2011) which is attributed to an 
increased availability of organic materials and organic carbon (Acosta-Martínez et 
al., 2007), changes in soil moisture, soil temperature, soil aeration, constitution of soil 
flora and fauna (Alvear et al., 2005). 
The mechanism of enhanced C sequestration under conservation tillage practices 
have been largely attributed to the aggregation changes in soil by conservation tillage 
and microbial activities apart from increased availability of crop residues. However 
the microbial and physico-chemical mechanisms of C protection or sequestration 
related to a change in soil management are less well understood. The aims of this 
study were to characterise the components of soil organic matter under conventional 
and conservation tillage practices. The additional objectives were to identify and 
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explain the variations in microbial community structure using Biolog ecoplates and 
activities of selected enzymes involved in C metabolism such as cellulose, xylanase, 
ȕ-glucosidase and oxido-reductase enzymes in soil such as dehydrogenase, phenol 
oxidase and peroxidase. We hypothesise that a reduction in tillage enhances 
biological activity in soil which will positively affect C stabilisation leading to its 
sequestration in soil. 
5.2 Materials and methods 
5.2.1 Sample preparation 
A selection of previously sampled fields was chosen for further analysis. These were 
fields at Thurlby, Melton and Oakham. These fields were visited again on 14th 
November 2012 to collect fresh soil samples.  
As in Experiment 3, all sampling sites comprised pairs of intensely tilled farms and 
farms where zero tillage practices are followed and care was taken to ensure we re-
visited the same sites as the previous work. From each location, bulk soil samples 
were collected from two depths (surface 0 to 10 cm and sub surface10-20 cm), after 
harvest of the previous crop. The sampling was replicated in random locations five 
times at each site. These samples were labelled and sealed in plastic bags before 
being transported to the laboratory. In the laboratory the field moist samples were 
composited by mixing the replicates. They were then partitioned for various analyses 
and stored as required for analysis. The samples for the study of microbial 
community structure and soil enzymes were frozen at -20oC and the samples were 
thawed at 4oC prior to analysis over 5 days (Schinner et al., 2012). One set of 
samples were retained at 4 oC to study GHG flux and microbial biomass carbon. One 
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set of samples was air dried, passed through 2 mm sieve and ball milled for FTIR 
(Fourier Transform Infrared spectroscopy) analysis.  
From each location, five bulk soil samples were collected from two depths (0 - 10 cm 
and 10-20 cm), after harvest of the previous crop, during November 2012. The 
pooled subsamples were used for analysis. Samples for the study of microbial 
community structure and soil enzymes were frozen at -20oC and thawed at 4oC prior 
to analysis over 5 days (Schinner et al., 2012). One set of samples were retained at 4 
oC to study greenhouse gas (GHG) flux and microbial biomass C. One set of samples 
were air dried and passed through 2 mm sieve. These samples were then oven dried 
and subjected to ball milling using a planetary ball mill (Retsch, PM400) using an 
agate mortar with four balls, at a speed of 300 rpm for 4 minutes. 
5.2.2 Soil chemical properties 
The soil properties studied include tocarbon, total nitrogen and greenhouse gas fluxes 
(CO2, CH4 and N2O), Absorption spectra was gathered using Fourier Transform 
Infrared spectroscopy (FTIR). The detailed description of these techniques and 
procedures are presented in appendix. 
5.2.3 Soil biological properties 
The soil biological properties estimated were microbial biomass carbon and microbial 
biomass nitrogen. The functional diversity of soil microorganisms were estimated 
using biolog eco plates. Also different soil enzymes were studied and these include 
dehydrogenase, cellulose, xylanase, ȕ-glucosidase, phenol oxidase and peroxidase. 
The detailed description of procedures are provided in the appendix. 
 
. 
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5.2.4 Statistical analysis 
The statistical software package Genstat (14th Edition, VSN International Ltd, Hemel 
Hempstead, UK) was used for the analysis of data.  A two-way analysis of variance 
was applied to results obtained from laboratory analysis with soil texture and tillage 
as the two factors. The treatment means were compared at the P < 0.05 level using 
the LSD. Standard errors of means were calculated and provided as required. Simple 
linear regressions were carried out to understand the relationship between different 
parameters.  
For Biolog plates Garland (1997) recommended choosing positive values higher than 
0.25 absorbance could eliminate weak false positive response. Hence the statistical 
analysis was carried out on the mean colour intensity values greater than 0.25. A 
repeated measures ANOVA was carried out to assess the effect of incubation time on 
AWCD and other functional groups. A two way analysis of variance was performed 
to test the effect of tillage and depth on AWCD and different functional groups. For 
this a time point was chosen which had average well colour development values 
between 0.75 and 1.0 (Garland, 1997) and this was at 120 h of incubation. The 
substrate-utilization patterns were subjected to principal component analysis (PCA).  
Multiple linear regressions were used to predict the best model describing the carbon 
content in soil. The maximal model consisted of all the chemical and biological 
properties studied in this experiment. By using a stepwise backwards elimination 
process, only the variables that contributed significantly to the model and reduced the 
residual sum of squares were retained in the model. For illustrative purposes we also 
carried out the single linear regression between the parameters that contributed to the 
multiple regression models. 
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5.3 Results 
5.3.1 Soil chemical properties 
5.3.1.1 Total carbon and nitrogen 
Zero tilled soils contained 9% more total C (1.42%) than tilled soil (1.38%) which 
was statistically significant (Table 5.1, F1,5 = 71.06, P <0.001). The total C content 
was higher in the surface layer (0-10 cm) than sub surface layers (10-20 cm) (F1,10 = 
13.30, P <0.01). In zero tilled soils the surface layer contained 14% more C than in 
the subsurface, whereas in tilled soil it was 16%. Total nitrogen followed a pattern 
similar to that of C with significantly higher content in zero tilled soil (0.25%) than 
tilled soil (0.16%) (F1,5 = 10.99, P <0.05) and significantly higher values in the 0-10 
cm layer than 10-20 cm layers (F1,10 = 6.11, P <0.05). 
5.3.1.2 FTIR 
Fig. 5.1 shows the FTIR spectra of surface layer (0-10 cm) of zero tilled soil. The 
general patterns of spectra in these two soil management regimes were similar. In IR 
bands the absorption peaks were evident at 20 wave numbers and the corresponding 
functional groups were predicted by comparing with the published information 
(Glagovich, 2013). The information on peaks and functional groups are provided in 
Table 5.2. Statistically significant differences in frequencies were obtained on peaks 
at 2 wave numbers namely 709 cm-1 (aromatics) and 711 cm-1 (aromatics). Zero tilled 
soils produced significantly higher peaks corresponding to the aromatics functional 
groups (Fig. 5.2). Sub surface soils contained significantly higher absorption peaks at 
wave numbers 709 cm-1 (aromatics) and 711 cm-1 (Aromatics). 
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Fig. 5.1. Fourier Transform Infrared (FTIR) spectra of zero tilled soil (0-10 cm 
layer). 
 
 
  
 
Fig. 5.2. Absorbance values at surface (0-10 cm) and sub surface (10-20 cm) layers 
under zero tilled and tilled soils at wave nmbers (a) 711, (b) 709. 
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5.3.1.3 Greenhouse gas flux 
The highest CO2 flux was from tilled soil (5.7 µg m-2 g-1 h-1) which was significantly 
higher than from zero tilled soil (3.4 µg m-2 g-1 h-1) (Table 5.3, F1,5 = 6.9, P <0.05). A 
41% increased flux was observed in tilled soil when compared to zero tilled soil. The 
CO2 flux was higher from soil collected from 0-10 cm depth range than from soil in 
10-20 cm layer in both zero tilled and tilled soil (F1,10 = 14.44, P <0.01). The CH4 
fluxes varied significantly between tillage treatments (Table 5.3, F1,5 = 18.99, P 
<0.01). The emission of CH4 from zero tilled soils (0.85 ng m-2 g-1 h-1) was 75% 
higher than from tilled soils (0.20 µn m-2 g-1 h-1). The emission from surface and 
subsurface layers also exhibited significant variation (F1,5 = 6.26, P <0.05). In general 
surface emission was 59% greater than from subsurface. There was increased N2O 
flux  from zero tilled soil (0.92 ng m-2 g-1 h-1), although not significantly different 
(Table 5.3, F1,5 = 1.49, P >0.05). Soil depth and its interaction with tillage did not 
affect the N2O flux significantly. 
When all the greenhouse gases were considered together the global warming 
potential was significantly higher from tilled soil (126 µg m-2 g-1 h-1) than from zero 
tilled soil (74 µg m-2 g-1 h-1) (Table 5.3, F1,5 = 6.87, P <0.05). Tilled soil caused 41% 
higher warming than zero tilled soil on a CO2 equivalent basis. The surface (0-10 cm) 
soil layer caused significantly higher warming than subsurface layer (10-20 cm) in 
both zero tilled and tilled soils (F10 = 14.58, P <0.01). The surface layers caused 21% 
and 18% higher warming compared to subsurface layers in zero tilled and tilled soils 
respectively. 
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5.3.2 Soil biological properties 
5.3.2.1 Microbial biomass carbon and nitrogen 
Zero tillage increased microbial biomass C in soil significantly (F1,5 = 10.88, P 
<0.05). Zero tilled soils contain as much as 30% higher microbial biomass C (538 mg 
kg-1 soil) than tilled soils (377 mg kg-1 soil) (Table 5.1). Depth of soil sampling also 
significantly influenced the microbial biomass C (F1,10 = 20.61, P <0.001). The 
surface soils (0-10 cm) had 35% and 23% higher microbial biomass C than 10-20 cm 
subsurface layer in zero tilled and tilled soils respectively. Microbial biomass 
nitrogen also followed a similar trend to that of C (Table 5.1). There was a significant 
effect of both tillage (F1,5 = 5.6, P <0.05) and depth (F1,10 = 13.29, P <0.05) for 
microbial biomass nitrogen. 
5.3.2.2 Soil microbial functional diversity 
AWCD values in soil significantly increased with incubation time indicating the 
presence of active microbial flora in both zero tilled and tilled soils (P <0.001, Figure 
5.3). Significantly increased AWCD values (P <0.05) were recorded for zero tilled 
soils (0.46) compared to the tilled soils (0.39). The surface 0 - 10 cm layer recorded 
the highest AWCD values in both zero tilled (0.50) and tilled soils (0.42) compared 
to subsurface 10 - 20 cm layer (0.43 in zero tilled and 0.35 in tilled) (P <0.05). 
Principal component analysis did not provide a clear separation of C substrate 
utilisation among different treatments.  
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Fig. 5.3. Average Well Colour Development (AWCD) obtained by Biolog ecoplates. 
Error bars indicate standard error of means (n=6). 
 
5.3.2.3 Soil enzymatic activities 
Zero tilled soils had higher dehydrogenase activity (1.46 µg TPF g-1 h-1) compared to 
tilled soils (0.91 µg TPF g-1 h-1) (F1,5 = 19.54, P <0.01). The surface 0-10 cm soil 
layer showed greater dehydrogenase activity than the subsurface layer (10-20 cm) in 
both zero tilled and tilled soil, but the effect was more prominent in tilled soils (Fig. 
5.4a, F1,10 = 148.08, P <0.001). Similar to dehydrogenase, zero tilled soils exhibited 
significantly increased cellulose activity (Fig. 5.4b, F1,5 = 21.98, P <0.01) with mean 
values of 0.33 mg GE g-1 day-1 compared to 0.14 mg GE g-1 day-1 in tilled soils. Of the 
two soil depths studied the 0-10 cm layer recorded significantly higher cellulose 
activity in both zero tilled and tilled soil than 10-20 cm layer (F1,10 = 24.42, P 
<0.001).  
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
24 48 72 96 120
A
ve
ra
ge
 W
el
l C
ol
ou
r 
D
ev
el
op
m
en
t  
(ab
so
rb
an
ce
 g
-
1  
so
il)
 
Incubation time (h) 
Zero till surface Zero till sub surface
Tilled surafce Tilled subsurface
126 
 
 
Fig. 5.4. Soil enzymes at surface (0-10 cm) and sub surface (10-20 cm) layers under 
zero tilled and tilled soils; (a) dehydrogenase, (b) cellulase, (c) xylanase, (d) ȕ-
glucosidase, (e) phenol oxidase and (f) peroxidase. 
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Xylanase activity followed a similar pattern to dehydrogenase. Zero tilled soil 
contained 38% higher activity than tilled soils (Fig. 5.4c, F1,5 = 8.34, P <0.05). The 
upper 0-10 cm soil layer recorded increased xylanase activity than the subsurface 10-
20 cm layer (F1,10 = 21.95, P <0.001). The zero tilled upper layer contained 1.28 mg 
GE g-1 day-1 of xylanase activity which was 51% higher than 10-20 cm layer. In tilled 
soil surface activity was 0.79 mg GE g-1 day-1 that was higher by 49% above the 10-
20 cm subsurface layer. 
Tillage also significantly influenced the ȕ-Glucosidase activity in soil with zero tilled 
soil recording an activity of 12.5 mg saligenin g-1 3h-1 which was 26% higher than 
under tilled soil (Fig. 5.4d, F1,5 = 14.28, P <0.05). Glucosidase activity was 
significantly higher in the 0-10 cm layer than the 10-20 cm layer (F1,10 = 18.06, P 
<0.01). The surface increase was 39% in zero tilled soil and 20% in tilled soil. The 
tillage depth interaction was also significant (F1,10 = 4.24, P <0.05). 
Phenol oxidase activity was significantly affected by tillage (F1,5 = 31.49, P <0.01) 
and depth (F1,10 = 30.27, P <0.001), but the tillage depth interaction was not 
significant (Fig. 6.4e, F1,10 = 0.42, P >0.05). The surface (0-10 cm) activity in zero 
tilled soil was 0.47 µmol dopachrome g-1 h-1 which was 26% higher than the activity 
in the 10-20 cm layer. The surface activity in the 0-10 cm layer in tilled soil was 28% 
higher than the 10-20 cm layer. However the tillage x depth interaction was not 
significant. There was no significant effect of either tillage or depth on the peroxidase 
activity in soil. However the activities were higher under zero tilled conditions and in 
the surface layers. 
Soil enzymes were evaluated on, a per gram of carbon and a per microbial biomass 
carbon in soil basis to find out if the activity was due to increased availability of 
carbon substrates. These results followed a very similar pattern to that of enzymes 
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reported on a per soil basis indicating tillage also plays an important role in the 
activity of soil enzyme activities above and beyond soil C availability and its impact 
on the microbial biomass. 
5.3.3 Factors affecting carbon content in soil 
Carbon content in soil was predicted by a multiple regression model (F5,18 =32.9, P < 
0.001) including ȕ-glucosidase (BG), dehydrogenase (DH), xylanase (X), soil water 
content (M) and clay content in soil (Clay) which accounted for 90.1% of the 
variation. The optimal model for C is provided in equation 1. 
C (%) =  0.981 - 0.00818BG + 0.1351DH + 0.3382X - 0.01462M + 
0.01452Clay 
(1) 
In this model the soil clay content contributed to 19.1% of variation, estimated by 
dropping the parameter when fitted last from the model. The rest of the variation can 
be attributed to the soil enzymes and soil moisture availability (Figures 5.5a, 5.5b, 
5.5c and 5.5d). However linear regression showed that, individually soil moisture 
content was not related to soil C (P <0.05). The multiple regression analysis of GHGs 
against different soil enzymes and other properties could not establish a significant 
effect between them. 
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Fig. 5.5. Illustration of relationships between soil biophysical properties and soil C 
(a) ȕ-glucosidase and soil C content; F1,22=5.26, P <0.05 (b) dehydrogenase and soil 
C; F1,22=41.91, P <0.001 (c) xylanase and soil C; F1,22=10.27, P <0.01 (d) soil clay 
content and soil C; F1,22=22.89, P <0.001. 
 
5.4 Discussion 
Zero tillage sequestered C both in the 0-10 cm and 10-20 cm soil layers, 9% over 7 
years for total C. Ernst et al. (2009) found 8% higher total soil C under no-tilled soil 
than conventionally tilled soil within 12 years. Plaza et al. (2012) reported 16% more 
130 
 
organic C under no-tillage soils of 25 years than conventionally tilled soils. They 
attribute the increased C at surface to the retention of crop residues at surface layers 
and enhanced C at subsurface layers due to decomposition of root biomass left in soil 
year after year. The increased root biomass under zero tillage might also be due to the 
improved root growth by conserving soil moisture and regulating the soil temperature 
through the effect of crop residues left at surface, apart from providing nutrients by 
decomposition of crop residues left at surface (Acosta-Martínez et al., 2011).  Sainju 
et al. (2005) reported increased root biomass and C and N accumulations at 0-15 cm 
depth in cotton and sorghum in zero tilled plots. In contrast to zero tilled sites the 
reduced contents of C and nitrogen in the tilled soils can be attributed to the increased 
decomposition of soil organic matter consequent to ploughing. The C protection in 
soil is also dependent on the form in which it is stored in soil. In this study zero tilled 
soils contained significantly higher absorption intensities for wave numbers 
corresponding to the functional groups such as aromatics, amines and carboxylic 
acids. Aromatic and alkyl C in soil are considered as a relatively recalcitrant fraction 
of soil C (Baldock et al., 1992). The accumulation or preservation of aromatics may 
be due to the preservation of lignin during decomposition of crop residues, where the 
quantity of crop and root residues are higher at the surface and subsurface layers in 
zero tilled soils compared to a tilled soil. Gregorich et al. (2001) reported increased 
aromatic C contents under legume based rotation compared to maize based 
monoculture in Ontario, Canada. These aromatic structures of C which are mainly 
plant derived (Krull et al., 2003) play an important role in the net C sequestered in 
soils owing to the higher turnover times of 10 to 100s of years as reported by 
Jenkinson et al. (1990). It indicates that increased C sequestration capabilities under 
zero tilled soils are also related to the chemical structure of the organic matter. 
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Absence of soil cultivation under zero tillage is beneficial to providing a continuous 
supply of organic materials to soil microorganisms and is reflected in the increased 
microbial biomass C and biomass nitrogen in zero tilled soils (Balota et al., 2003). 
Increased microbial activities under zero tilled soils were also evident in terms of the 
enzymatic activities which were higher under zero tilled soils than tilled soils and has 
been observed by others (Roldán et al., 2005; Melero et al., 2009). Acosta-Martinez 
et al. (2008) attributed the increased enzyme activities under non disturbed pasture 
soil to either the presence of active microbial biomass constituting intracellular 
enzymes or to extracellular enzymes which remained part of soil organic matter or 
both of these. Due to lack of disturbance in zero tilled soils, the biochemical 
environment is less oxidating compared to soils that are ploughed (Melero et al., 
2009). The surface accumulation of crop residues and subsurface supply of organic 
materials through root biomass in zero tilled soils could further enhance the enzyme 
effect. A stable pool of enzymes are preserved in most humified organic portions by 
bonding soil enzymes to humic colloids and clays (Trasar-Cepeda et al., 2008). Soil 
dehydrogenase enzyme is linked to the C cycle and its increased presence under zero 
tilled soils indicates more water soluble C fractions under this management (Roldán 
et al., 2005).  
The enzymes involved in C metabolism (FHOOXORVH [\ODQDVH ȕ-glucosidase) were 
positively correlated with C content and microbial biomass C; this was also observed 
by Katsalirou et al. (2010) IRUFHOOXORVHDQGȕ-glucosidase. The increased activities of 
enzymes such as cellulose, xylanase and ȕ-glucosidase in zero tilled soils indicate the 
predominance of microbes involved in degradation of cellulose and other 
polysaccharides. These enzymes act upon the polysaccharides in crop residues and 
root biomass and convert them into soil humus and recalcitrant C in different soil 
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aggregates and thus helping to sequester C in soil, apart from helping to release 
nutrients for plant uptake (Alvear et al., 2005). In other words it can also be stated 
that under zero tilled conditions, a pool of organic matter might be generated in 
which soil hydrolytic enzymes could be stabilised (Trasar-Cepeda et al., 2008) and so 
both soil enzymes and soil C are protected (Martens et al., 1992) 
Lignin and other hydro C¶s in plant residues are regarded as an important rate 
limiting factor in the later stages of litter decomposition and subsequent sequestration 
of C in soil by the transfer of plant C to soil organic matter (Burns et al., 2013). 
Lignin degradation is brought about by oxidative enzymes such as phenol oxidase 
and peroxidase enzymes produced mainly by fungi. The lignin degradation by these 
enzymes leads to humification (Jastrow et al., 2007) leading to the formation of 
stable C compounds from plant remains. Increased activities of these enzymes in zero 
tilled soil were attributed to the absence of soil disturbance which allow fungal 
hyphae to make bridges of between soil and crop residues (Holland et al., 1987). 
Fungi are primarily responsible for the degradation of resistant components of 
organic matter in crop residues. They also form bridges between soil and crop 
residues which is important in zero tilled where soil-crop residues mixing is minimal.  
The resistant components of fungal cell walls such as chitin and melanin brought 
back to soil on fungal lysis may also be responsible for increased C sequestration due 
to their resistance to degradation. The increased activities of phenol oxidase under 
zero tilled conditions indicate zero tilled soils are more capable of sequestering C 
compared to tilled soils. The positive correlations between cellulase and phenol 
oxidase indicate that both hydrolases and oxidases are active in tilled and zero tilled 
soils owing to the availability of microbial resources for these different group of 
enzymes. The multiple regression models showed that soil enzymes such as ȕ-
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glucosidase, dehydrogenase and xylanase significantly contributed to the carbon 
model showing the importance of extracellular enzymes in converting C in crop 
residues to the soil C. 
AWCD values also serve as good indicator of microbial activity (Mijangos et al., 
2009). Increased AWCD values in zero tilled soils indicated higher metabolic activity 
in these soils to convert the available organic substrates into soil C. The reduced 
microbial functional diversity under tilled conditions were attributed to soil 
disturbance that adversely affect the soil organisms (Lupwayi et al., 2001). However 
the AWCD values were not correlated with soil organic matter or microbial biomass 
C, implying in part that the microbial community in soil was changed during the 
course of different soil management practices as has been observed by Wang et al. 
(2007). It may also be due to the inability of Biolog plates to include the whole 
microbial community (Waldrop et al., 2000). The substrate utilisation pattern 
provided by Biolog plates mainly account for fast growing aerobic bacteria (Govaerts 
et al., 2007). The positive correlation of AWCD values with enzymes such as 
cellulose and xylanase, indicating the physiological state of microbial cells (Alarcón-
Gutiérrez et al., 2009). The AWCD values were not correlated to other enzymes such 
as phenol oxidase, peroxidase etc. which is attributable to the fact that biology plates 
cannot detect fungi as they are incapable of reducing tetrazolium violet used in the 
plates (Mijangos et al., 2009). However in contrast to the enzyme analysis, Biolog 
was unable to provide a clear treatment effect with regard to substrate utilisation 
among different functional groups.  
The multiple regression analysis indicated that apart from soil enzymes, texture 
played a pertinent role in C sequestration. Clay soil tends to store more carbon since 
clay content significantly contributed to the total variation, indicating that higher 
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carbon sequestration is possible under fine textured soils than coarse textured soils. 
The increased C sequestration capacity of clay soils may be due to the possibility of 
absorption of organic carbon to clay surfaces, entrappment of carbon on pores of 
aggregates or encapsulation of organic carbon by clay particles (Nyamadzawo et al., 
2009). Six et al. (2000a) proposed aggregate turnover is reduced under zero tillage 
leading to formation of stable micro aggregates. Under less disturbed conditions the 
microbial products might be better preserved in stabilised micro (<53 ȣm) and 
macro aggregates (<250 mm) (Powlson et al., 1981; Nyamadzawo et al., 2009). In 
contrast, tillage causes aggregates to breakdown (Six et al., 2000a) and increase soil 
temperature (Yang et al., 2008) both of which trigger microbial decomposition of soil 
organic matter leading to reduced sequestration of C and nitrogen. Tillage mediated 
aggregate changes might bring changes in carbon storage in soil depending on texture 
of soil as reported by Mangalassery et al. (2013). 
Even though C content and microbial activities were higher under zero tilled soils, 
CO2 flux, which should reflect the respiration status of soil, was lower under zero 
tilled conditions compared to tilled soils.  The CO2 flux in soil reflects overall 
respiration which includes soil fauna such as nematodes and other invertebrates. 
Under tilled conditions with continuous soil disturbance, the components of macro 
and micro fauna may be in a state of stress compared to the more stabilised and 
steady environment under zero tilled conditions. This might have enhanced the CO2 
flux from tilled soils apart from increased decomposition of crop residues and soil 
organic matter at a faster rate. Under zero tilled soils, carbon can be protected from 
the microbial activity, perhaps by forming stable microbial products of 
decomposition, whereas in tilled soils more readily degradable C is available for 
microbial action.  
135 
 
CH4 fluxes in soil are related to the aeration status of soil. The increased compaction 
and moisture under zero tilled conditions creates more anaerobic conditions (Kimura 
et al., 2012) that might favour methanogenic microbes. Kiener et al. (1983) found 
many methanogens can survive several hours or longer on exposure to air. Negative 
CH4 values indicating CH4 oxidation/uptake in soil was recorded at only two 
locations under tilled sites in this study and this may be due to increased aerobic 
condition to which methane oxidisers responded quickly (Sey et al., 2008). There are 
many reports of increased N2O emission under zero tillage compared to under 
conventional tillage (Ball et al., 1999; Chatskikh et al., 2007). This has been 
attributed to decreased water filled pore space, mineral nitrogen concentration (Oorts 
et al., 2007), reduced gas diffusivity and air-filled porosity (Chatskikh et al., 2007), 
increased water content (Blevins et al., 1971) and a denser soil structure (Schjønning 
et al., 2000; Beare et al., 2009).  
This chapter addressed the sub aims 3 and 4 and investigated how effective zero 
tillage is in mitigating climate change when compared to tilled soil. This chapter 
demonstrate that the Carbon sequestration capabilities under zero tillage is both 
physically and microbially mediated as in the overarching hypothesis.  
5.5 Conclusions 
Tillage plays a major role in sequestration of C and emission of greenhouse gases. It 
was  found that soils farms following zero tillage for 7 years had 9% higher C than 
tilled soil. The reduction of tillage can enhance sequestration of C by increased 
microbial activities and soil enzymes and accumulation of C in recalcitrant forms. 
The increased C sequestration capabilities are linked to the soil physical 
characteristics such as clay content and microbial properties. In contrast soil tillage 
enhanced decomposition of organic matter and emission of CO2. Even with increased 
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emission of CH4 and N2O, the net warming potential was significantly reduced under 
zero tilled soils. The study indicates that zero tillage is beneficial for improving soil 
health and preserving soil organic matter. 
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Table 5.1. Microbial biomass C (MBC), microbial biomass N (MBN) and total C and 
N at surface (0-10 cm) and subsurface (10-20 cm) layers under zero tilled and tilled 
soils*. 
Tillage Depth 
(cm) 
MBC MBN  Total C  Total N  
  mg kg-1 soil % % 
Zero tilled 0-10 650±104 110.4±20 1.53±0.14 0.301±0.04 
 10-20 425±69 66.4±15 1.32±0.14 0.202±0.02 
Tilled 0-10 425±66 61.9±11 1.41±0.16 0.175±0.02 
 10-20 328±67 46.3±11 1.18±0.10 0.149±0.02 
*Mean±Standard Error (n=6) 
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Table 5.2. F statistic from analysis of variance for the absorbance at different wave 
numbers 
Wave 
number 
Tillage Depth  Tillage x 
depth 
Functional 
group 
2925 1.99 (5) ns 1.29(10) 
ns 
0.09 (10) ns Aliphatics  
2850 0.13 ns 1.93 ns 0.07 ns Aliphatics  
1801 0.0 ns 0.49 ns 0.30 ns C-O, C=O 
or N 
1799 0.0 ns 0.5 ns 0.27 ns C-O, C=O 
or N 
831 5.13 ns 0.55 ns 0.15 ns CH2, 
Aromatic 
829 5.16 ns 0.52 ns 0.25 ns CH2, 
Aromatic 
827 5.17 ns 0.51 ns 0.34 ns CH2, 
Aromatic 
825 5.32 ns 0.50 ns 0.48 ns CH2, 
Aromatic 
823 5.55 ns 0.48 ns 0.62 ns CH2, 
Aromatic 
821 5.85 ns 0.50 ns 0.76 ns CH2, 
Aromatic 
819 6.1 ns 0.58 ns 1.02 ns CH2, 
Aromatic 
761 2.06 ns 0.55 ns 2.58 ns Aromatics 
759 2.01 ns 0.66 ns 2.70 ns Aromatics 
711 10.11* 10.19** 0.69 ns Aromatics 
709 8.23* 9.06* 0.75 ns Aromatics 
671 0.45 ns 0.76 ns 0.93 ns Aromatics 
669 0.40 ns 1.1 ns 0.78 ns Aromatics 
665 0.88 ns 1.09 ns 0.09 ns Aromatics 
651 0.51 ns 3.57 ns 1.73 ns Aromatics 
649 0.36 ns 3.75 ns 2.07 ns Aromatics 
 
(Figures in parenthesis indicate degrees of freedom), NS: non-significant. 
*** p <0.001. 
** p <0.01. 
* p <0.05. 
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Table 5.3. CO2 flux, CH4 flux, N2O flux and net global warming potential at surface 
(0-10 cm) and subsurface (10-20 cm) layers under zero tilled and tilled soils*. 
Tillage Depth 
(cm) 
CO2-C flux  CH4-C flux  N2O-N 
flux  
Net warming 
potential 
  µg m-2 g-1 h-1 ng m-2 g-1 h-1 µg m-2 g-1 h-1 
Zero tilled 0-10 3.78±0.67 1.098±0.23 1.03±0.64 83.57±14.80 
 10-20 2.98±0.43 0.593±0.16 0.8±0.22 65.86±9.45 
Tilled 0-10 6.29±1.01 0.388±0.34 0.71±0.26 138.61±22.22 
 10-20 5.17±1.23 0.021±0.24 0.46±0.20 113.76±27.09 
*Mean±Standard Error (n=6) 
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6 Chapter 6: General discussion and conclusions 
6.1 Introduction 
The main objectives of this research were to establish the physico-chemical and 
biological basis of greenhouse gas emissions under different crop cultivation regimes 
namely conventional and zero tillage and to assess the climate mitigation 
opportunities of zero tillage. Initially, the project evaluated conventional tillage 
against soil managed as part of a grassland stewardship programme as a pilot study. 
Later, the impact of soil aggregate sizes (<0.5 to 4 mm), so as to mimic the effect of 
tillage on greenhouse gas flux was studied. The subsequent experiment studied how 
the soil biophysical properties such as soil pore structure affected GHG emissions. 
Finally a detailed characterisation of the functional composition and microbial 
functional diversity of SOM to assess the carbon sequestration potential was 
undertaken.  
6.2 Effect of tillage/zero tillage on physico-chemical properties 
After 5 to 10 years under zero tillage, it is clear that the soil surface becomes higher 
in soil shear strength compared to conventional tillage. The increased soil bulk 
density following adoption of conservation tillage has been widely reported. Dam et 
al. (2005) reported a 12.4% increase in bulk density in zero tilled soils of 11 years 
over tilled soil. With residues left at the surface of zero tilled soil, one might expect a 
lower bulk density compared to tilled soil, but this was not the case in this project as 
the tillage impact outweighed the residue effect. However over a longer term the 
residue retention might support a reduced bulk density (Lal et al., 1994).  
Neither increased bulk density nor soil strength under zero tillage limited water 
storage in soil as significantly higher volumetric soil moisture content was found in 
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zero tilled soils compared to tilled soils. Higher water contents under zero tilled fields 
may have been influenced by enhanced retention of crop residues. Crop residues can 
reduce surface runoff, evaporation losses and increase water infiltration 
(Lampurlanés et al., 2006; Yoo et al., 2006). Also the continuity of macro pores can 
be destroyed by tillage, which restricts water movement from surface to the 
subsurface (Osunbitan et al., 2005).  
X-ray CT data indicated greater macro porosity under tilled soils as tillage loosens 
soils and physically creates more macropores (Gupta et al., 1986; Gantzer et al., 
2002). However, Zhou et al. (2009) found no difference in total soil porosity between 
tilled and untilled plots (21 years of no-tillage) at 0-20 cm layer, while reporting 
increased macro porosity in the surface layers (0-10 cm) of tilled soil. While porosity 
was higher under tilled soils, the pore connectivity and pore size distribution was 
better in zero tilled condition as indicated by the enhanced water retention. The 
packing of soil aggregates is responsible for the gross soil porous architecture. In the 
soil column study (Chapter 3), total soil porosity increased with decreasing aggregate 
size in clay loam soil whereas the reverse was observed for sandy loam soil. With a 
reduction in aggregate size, the number of pores increased in both clay loam and 
sandy loam soils whereas surface area of pores and aggregate size followed a linear 
trend.  
Soil texture and aggregate size significantly influenced the soil carbon content. 
Micro-aggregates contained higher organic matter in clay loam soil, due to their 
ability to conserve organic matter (Papadopoulos et al., 2009) and lower turnover 
(Six et al., 2002). Micro-aggregates offer protection of organic matter from 
degradation due to reduced access to soil bacteria and strong bonding of SOC to these 
143 
aggregates by sorption (Lugato et al., 2009).  In the sandy loam soils large sized 
aggregates had the highest organic matter as reported by Fernandez et al. (2010).  
6.3 Physical and microbial basis of carbon sequestration in soil 
The higher soil organic matter content under zero tilled soils reported in this study 
could be due to increased residue retention on soil surface and/or non-disturbance of 
soil. The crop residues left at surface might have been slowly decomposed and 
contributed to the carbon pool in soil. Under reduced tillage, the turnover of soil 
aggregates is minimised compared to tilled soils which may protect carbon within 
aggregates (Six et al., 1999). Sequestration of carbon occurs in soil when carbon is 
protected from decomposition, with soil physico-chemical and biological properties 
playing a significant role in this. Soil aggregation significantly influences the carbon 
storage in soil (Six et al., 1999). It was shown here that both soil texture and soil 
management significantly influenced the soil organic carbon stock with more soil 
organic carbon stock under clay loam soil than sandy loam soil, similarly under 
grassland soil than tilled soils. Zero tilled soils and surface layers contained more soil 
carbon than tilled soil and subsurface layers as expected. Disturbance of soil is 
believed to enhance macroaggregate turnover leading to decomposition of protected 
soil organic matter (Six et al., 1999). They also reported slower turnover of carbon in 
micro aggregates compared to macro aggregates. This was also the case in this study 
where the smallest aggregates (<0.5 mm) in clay loam soil had the highest organic 
matter (8.7%) with the lowest SOM in the field structured soil (7.5%). In sandy loam 
soil the larger aggregates (1-4 mm) contained more organic matter (5.2 and 3.5% 
respectively) than small aggregates (<0.5 mm). The textural differences in carbon 
storage can be attributed to the differences in bonding mechanisms. The C 
sequestration capacity of clay loam soil is greater than in sandy soil due to absorption 
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of organic carbon to clay surfaces, entrapment of carbon on pores of aggregates or 
encapsulation of organic carbon by clay particles (Nyamadzawo et al., 2009). 
Changes in soil microbiological properties brought by management practices play a 
major role in soil carbon storage, this is evident from the positive relationship 
between soil carbon and microbial biomass carbon. With soil management practices 
which input more crop residues to the soil such as grass land and zero tillage, 
microbial populations were higher. The microbial biomass carbon reported in this 
study were comparable to other studies (Alvarez et al., 1995). Under reduced 
disturbance systems a stable pool of extra cellular hydrolytic and oxido-reductases 
are also preserved. These enzymes act on crop residues and convert the carbon in 
crop residues and root biomass to soil humus and recalcitrant carbon, thus helping to 
sequester carbon. The absence of soil disturbance is also beneficial to extract and 
preserve carbon from resistant products of decomposition of crop residues. Lack of 
soil disturbances provide stabilised activity for soil microorganisms especially fungi 
which are important in degrading the resistant components of crop residues and are 
therefore helpful in extracting carbon which are preserved in soil aggregates. 
6.4 Climate change mitigation under zero tillage 
It was shown that changes in soil physico-chemical and biological properties, as 
affected by tillage, strongly influenced GHG fluxes. CO2 fluxes were positively 
related to soil porosity and microbial biomass carbon and negatively to bulk density. 
The effect of soil pore characteristics on CO2 flux has not previously been studied 
and it is striking, but perhaps as expected, to observe its influence from a soil 
management perspective.  Similar to these findings Reicosky et al. (1997) observed 
that conservation tillage slowed down CO2 release as air-filled porosity was reduced. 
Whereas in tilled soils the aggregates are protected and organically bound organic 
145 
matter is released upon tilling the soil, by increased aeration and microbial activity 
leading to increased emission of CO2 (Elder et al., 2008). CH4 emission was 
negatively influenced by soil strength indicating longer retention of CH4 in zero tilled 
soils produced in anaerobic micro sites which leads to its oxidation by methanotrophs 
(Smith et al., 2001). Lower CH4 oxidation in less porous soils has also been reported 
by Dutaur et al. (2007). In contrast in tilled soils the CH4 will find an easier diffusion 
route before being subjected to oxidation. For undisturbed field core samples used for 
experiment in Chapter 4, increased emission of CO2 and CH4 was recorded in tilled 
soils whereas N2O emission was higher from zero tilled soil. For disturbed samples 
used in experiment in Chapter 5, CO2 flux was higher from tilled soil, but CH4 and 
N2O from zero tilled soil.  For undisturbed samples CO2 flux was higher by 17.5% in 
tilled soils compared to zero tilled soils, whereas for disturbed soil it was 40.9%. 
These differences may be due to the effect of soil structure and pore characteristics 
which influence the gas flux and are not considered in disturbed samples. Soil 
moisture, microbial biomass carbon and nitrogen were the main factors contributing 
to enhanced N2O emission in zero tilled soils. Zero tilled soils are reported to emit 
more N2O compared to conventionally tilled soils (Oorts et al., 2007; Regina et al., 
2010). Anaerobic conditions necessary for the production of N2O through 
denitrification are more readily available under zero tilled than tilled conditions apart 
from the increased N input. This is due to increased water storage indirectly 
facilitated by enhanced organic matter and increased soil firmness due to the absence 
of cultivation. Increased soil organic matter under zero tilled soil also favours a 
higher N2O flux by providing substrates for denitrifying bacteria (Choudhary et al., 
2002).  
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In addition to chemical and biological properties, the physical properties of soil such 
as porosity and soil strength also play an important role in fluxes of CO2 and CH4, 
although for N2O flux the role played by physical properties is secondary compared 
to chemical and biological properties. The direct dependence of GHG flux as 
depicted in Fig. 4.11, on soil pore characteristics were not reported before. This 
relationship of gas flux with porosity stronger than with microbial biomass carbon 
and total carbon might be linked to the increased activities of soil organisms, 
facilitating water and air movement under increasingly porous conditions. When all 
the greenhouse gases were considered together (by converting into global warming 
potential in CO2 equivalent), tilled soil produced 26% higher warming (on a weight 
basis) than zero tilled soils indicating the relative advantage of zero tilled over tilled 
soil in climate change mitigation. Increased global warming potential under tilled 
conditions has been reported by others also. Ussiri et al. (2009) reported 51 to 58% 
global warming potential under zero till system compared conventional tillage with a 
lower total N2O flux under 43 years of zero tillage. 
6.5 Zero tillage on soil biological properties 
Tillage practices significantly influenced various biological properties in soil. 
Untilled grassland soils contained 40.4% higher microbial biomass carbon in clay 
loam soil and 28.3% higher in sandy loam soil in the upper 10 cm layer than the tilled 
cultivated fields. On comparing zero tilled soils of different duration and soil texture 
with the adjacent tilled fields, the zero tilled soils showed higher microbial biomass 
carbon both at the surface and subsurface layers. The increment in microbial biomass 
carbon in the surface 0-10 cm layer in zero tilled soil compared to tilled soil ranged 
from 26.5 to 34.6% and in subsurface 10 to 20 cm layer it was 8.98 to 22.8%. The 
increased microbial biomass carbon under zero tilled soils can be attributed to the 
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increased accumulation of labile organic carbon in soil (Purakayastha et al., 2009), 
more stable soil aggregation and increased soil moisture content in zero tilled soils 
(Balota et al., 2003). When the microbial biomass carbon data for the two sampling 
years were compared, in zero tilled soil the microbial biomass carbon was increased 
by 10% at surface whereas in tilled soils it was decreased by 2%. Similar to microbial 
biomass carbon, the microbial biomass nitrogen was higher under zero tilled soils and 
the annual effect was also similar . Soil enzymatic activities were higher under zero 
tilled soils. This may be attributed to the increased carbon availability at the surface 
and root organic matter in the subsurface soil meeting the substrate requirements of a 
diverse microbial flora in zero tilled soils compared to a few dominant microbial 
types in tilled soil. The microbial decomposition products are re-oriented into soil 
aggregates where they are protected from further decomposition in the absence of soil 
disturbances. The increased soil enzyme activities in zero tilled soils indicate a 
predominance of microbes involved in degradation of a variety of components in 
plant and root residues and ultimately their addition to the soil carbon pool.  
Even though C content and microbial activity were higher under zero tilled soils, CO2 
flux, which should reflect the respiration status of soil, was lower under zero tilled 
conditions compared to tilled soils.  The CO2 flux in soil reflects overall respiration 
which includes soil fauna such as nematodes and other invertebrates. Under tilled 
conditions with continuous soil disturbance, the components of macro and micro 
fauna may be in a state of stress leading to enhanced respiration compared to a 
stabilised and steady activity under zero tilled condition. This might have enhanced 
the CO2 flux from tilled soils apart from increasing decomposition of the crop 
residues and soil organic matter at a faster rate. 
148 
6.6 Conclusions 
The major conclusions from this research are: 
¾ Tilled soils emitted more CO2 (21% higher) and CH4 (58%) when intact soil 
cores were sampled, whereas in a disturbed condition, CO2 flux alone was 
higher (41%) from tilled soil. N2O flux was always higher from zero tilled 
soils compared to tilled soil but in all cases, the zero tilled soils had a lower 
net emission of greenhouse gases on a CO2 equivalent basis (20% higher 
under tilled soil) indicating potentially that zero tillage can be used to mitigate 
climate change in comparison to conventional tillage. 
¾ Soil pore characteristics such as porosity and pore size played a significant 
role in the emission of greenhouse gases such as CO2 and CH4 amongst other 
factors such as microbial biomass carbon, bulk density and shear strength. 
Soil porosity alone accounted for 39.7% of the variation in the CO2 flux, 
larger than any other parameter including microbial biomass carbon and soil 
carbon. This indicates that soil pore characteristics under the influence of soil 
management are a significant factor controlling greenhouse gas emissions. 
N2O emission from soil can be largely explained by soil moisture, microbial 
biomass carbon and microbial biomass nitrogen. 
¾ Continuous zero tillage increases soil bulk density and soil strength up to 20 
cm depth of soil compared to tilled soils. However, when a comparison was 
made between a tilled soil and a grassland soil, the greater increased bulk 
density was recorded with tilled soil.  
¾ Tilled soils are more porous (36% higher) compared to zero tilled soils. Tilled 
soils contained larger pores (0.52 mm2). 
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¾ The texture of soil and size of aggregates play a crucial role in deciding the 
soil pore characteristics such as number of pores, pore size, porosity and pore 
area. Number of pores were higher in clay loam soil and located in smaller 
sized aggregates. Increased porosity (intra-aggregate) was observed with 
small sized aggregates in clay loam soil and with large sized aggregates in 
sandy loam soil. This subsequently impacted on GHG release. 
¾ Soil aggregate size significantly influences soil organic matter retention. 
Among various aggregate sizes the smallest aggregates (>0.5 mm) contained 
more organic matter in a clay loam soil and in 1-2 mm and 2-4 mm in sandy 
loam soils. 
¾ Zero tilled soils were more microbiologically active compared to the tilled 
soils and sequestered more carbon not only at surface 0-10 cm, but in 10-20 
cm layer as well. Increased microbial and soil enzymatic activity was 
recorded in zero tilled soils which might have also influenced the 
sequestration of carbon in soil. The non-disturbance of soil might have 
facilitated stable microbial activity in zero tilled soils leading to the 
preservation of C in recalcitrant forms as observed by the increased presence 
of aromatic compounds in FTIR. 
¾ Continuous availability of organic materials under zero tillage led to increased 
microbial biomass carbon and microbial biomass nitrogen at the surface and 
subsurface layers which bears a positive relationship with organic matter 
content in the soil. Zero tilled soils contained 16% higher SOM than tilled 
soil. 
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6.7 Future work 
Some potential future directions of work as a continuation to this research are 
indicated below. 
6.7.1 Studies on soil pore characteristics on micro scale 
Our study used micro Computed Tomography for the characterisation of the soil pore 
network. Since we have used larger soil cores to better represent the field conditions, 
the resolution of CT scanning was compromised. The lowest resolution used in the 
study was 27.5 µm which means, in these images, only the pores larger than this size 
are only accounted for and the finer micro-pores are not included. However, these 
finer micro-pores are also likely to play an important role in soil physico-chemical 
and biological properties such as CH4 and N2O emissions as well as C stabilisation.  
6.7.2 In situ studies in the field involving crop component 
The work undertaken here was largely based in the laboratory, although the 
experiment in Chapter 5 was based on intact core sampled in the field. The results 
from this study need to be extended to the field, assessing the temporal and spatial 
variability in relation to different crops, soil textures and seasons in order to study the 
climate change mitigation potential of zero tillage. The introduction of a crop 
component will be helpful to allow detailed characterisation of inflow and outflow of 
organic matter in soil and make the data directly relevant to the farm situation. 
Simultaneous field measurement of GHG and soil structure in situ could be beneficial 
in precisely assessing the gas flux dynamics.  
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6.7.3 Effect of conservation tillage on crop yields vis a vis climate change 
mitigation 
An important aspect to be considered while studying the climate change mitigation 
opportunities of conservation tillage is to take into account the yield decline or 
improvement by such practices. Although long term studies investigating the impact 
of conservation tillage on crop yield have been carried out in many parts of the world, 
integrated location specific studies combining the climate change aspect and crop 
yield are urgently needed. 
6.7.4 Carbon sequestration  
The obvious advantage of sequestration of carbon under zero tilled soil in comparison 
to tilled soil and grassland compared to cultivated land is demonstrated in this study. 
The influence of aggregates in sequestration was also studied. The detailed 
characterisation of functional components of carbon that is sequestered need further 
study. The forms and mechanisms in which carbon is sequestered in soil aggregates 
are still not clearly understood. 
 
152 
7. References 
Abreu, S.L., Godsey, C.B., Edwards, J.T., Warren, J.G., 2011. Assessing carbon and 
nitrogen stocks of no-till systems in Oklahoma. Soil and Tillage Research 117, 
28-33. 
Acosta-Martínez, V., Acosta-Mercado, D., Sotomayor-Ramírez, D., Cruz-Rodríguez, 
L., 2008. Microbial communities and enzymatic activities under different 
management in semiarid soils. Applied Soil Ecology 38, 249-260. 
Acosta-Martínez, V., Lascano, R., Calderón, F., Booker, J.D., Zobeck, T.M., 
Upchurch, D.R., 2011. Dryland cropping systems influence the microbial 
biomass and enzyme activities in a semiarid sandy soil. Biology and Fertility of 
Soils 47, 655-667. 
Acosta-Martínez, V., Mikha, M.M., Vigil, M.F., 2007. Microbial communities and 
enzyme activities in soils under alternative crop rotations compared to wheat-
fallow for the Central Great Plains. Applied Soil Ecology 37, 41-52. 
Adel, E.T., 2003. Soil tillage in agroecosystems. In: CRC Press, Boca Raton, Fla. 
London, pp. 367. 
Alarcón-Gutiérrez, E., Floch, C., Augur, C., Petit, J.L., Ziarelli, F., Criquet, S., 2009. 
Spatial variations of chemical composition, microbial functional diversity, and 
enzyme activities in a Mediterranean litter (Quercus ilex L.) profile. 
Pedobiologia 52, 387-399. 
Al-Kaisi, M.M., Yin, X., 2005. Tillage and crop residue effects on soil carbon and 
carbon dioxide emission in corn±soybean rotations. Journal of Environmental 
Quality 34, 437-445. 
Al-Kaisi, M.M., Yin, X., Licht, M.A., 2005b. Soil carbon and nitrogen changes as 
affected by tillage system and crop biomass in a corn±soybean rotation. 
Applied Soil Ecology 30, 174-191. 
Alvarez, R., Díaz, R.A., Barbero, N., Santanatoglia, O.J., Blotta, L., 1995. Soil 
organic carbon, microbial biomass and CO2-C production from three tillage 
systems. Soil and Tillage Research 33, 17-28. 
Álvaro-Fuentes, J., Cantero-Martínez, C., López, M.V., Arrúe, J.L., 2007. Soil 
carbon dioxide fluxes following tillage in semiarid Mediterranean 
agroecosystems. Soil and Tillage Research 96, 331-341. 
Álvaro-Fuentes, J., López, M.V., Arrúe, J.L., Moret, D., Paustian, K., 2009. Tillage 
and cropping effects on soil organic carbon in Mediterranean semiarid 
agroecosystems: Testing the Century model. Agriculture, Ecosystems & 
Environment 134, 211-217. 
Alvaro-Fuentes, J., Paustian, K., 2011. Potential soil carbon sequestration in a 
semiarid Mediterranean agroecosystem under climate change: Quantifying 
management and climate effects. Plant and Soil 338, 261-272. 
Alvear, M., Rosas, A., Rouanet, J.L., Borie, F., 2005. Effects of three soil tillage 
systems on some biological activities in an Ultisol from southern Chile. Soil 
and Tillage Research 82, 195-202. 
153 
Angers, D.A., Eriksen-Hamel, N.S., 2008. Full-inversion iillage and organic aarbon 
distribution in soil profiles: a meta-analysis. Soil Science Society of America 
Journal 72, 1370-1374. 
Angers, D.A., Recous, S., Aita, C., 1997. Fate of carbon and nitrogen in water-stable 
aggregates during decomposition of 13C15N-labelled wheat straw in situ. 
European Journal of Soil Science 48, 295-300. 
Anken, T., Weisskopf, P., Zihlmann, U., Forrer, H., Jansa, J., Perhacova, K., 2004. 
Long-term tillage system effects under moist cool conditions in Switzerland. 
Soil and Tillage Research 78, 171-183. 
Arah, J.R.M., Smith, K.A., Crichton, I.J., Li, H.S., 1991. Nitrous oxide production 
and denitrification in Scottish arable soils. Journal of Soil Science 42, 351-367. 
Arshad, M.A., Franzluebbers, A.J., Azooz, R.H., 1999. Components of surface soil 
structure under conventional and no-tillage in northwestern Canada. Soil and 
Tillage Research 53, 41-47. 
Arshad, M.A., Gill, K.S., Coy, G.R., 1994. Wheat yield and weed population as 
influenced by three tillage systems on a clay soil in temperate continental 
climate. Soil and Tillage Research 28, 227-238. 
Atkinson, B.S., Sparkes, D.L., Mooney, S.J., 2009. Effect of seedbed cultivation and 
soil macrostructure on the establishment of winter wheat (Triticum aestivum). 
Soil and Tillage Research 103, 291-301. 
Aulakh, M.S., Manchanda, J.S., Garg, A.K., Kumar, S., Dercon, G., Nguyen, M.-L., 
2012. Crop production and nutrient use efficiency of conservation agriculture 
for soybean±wheat rotation in the Indo-Gangetic Plains of Northwestern India. 
Soil and Tillage Research 120, 50-60. 
Bachmann, J., Guggenberger, G., Baumgartl, T., Ellerbrock, R.H., Urbanek, E., 
Goebel, M.-O., Kaiser, K., Horn, R., Fischer, W.R., 2008. Physical carbon-
sequestration mechanisms under special consideration of soil wettability. 
Journal of Plant Nutrition and Soil Science 171, 14-26. 
Baker, J.M., Ochsner, T.E., Venterea, R.T., Griffis, T.J., 2007. Tillage and soil 
carbon sequestration--What do we really know? Agriculture, Ecosystems and 
Environment 118, 1-5. 
Baldock, J., Oades, J., Waters, A., Peng, X., Vassallo, A., Wilson, M., 1992. Aspects 
of the chemical structure of soil organic materials as revealed by solid-state13C 
NMR spectroscopy. Biogeochemistry 16, 1-42. 
Balesdent, J., 1996. The significance of organic separates to carbon dynamics and its 
modelling in some cultivated soils. European Journal of Soil Science 47, 485-
493. 
Ball, B.C., 2013. Soil structure and greenhouse gas emissions: a synthesis of 20 years 
of experimentation. European Journal of Soil Science, 64, 357-373. 
Ball, B.C., Scott, A., Parker, J.P., 1999. Field N2O, CO2 and CH4 fluxes in relation 
to tillage, compaction and soil quality in Scotland. Soil and Tillage Research 
53, 29-39. 
154 
Balota, E.L., Colozzi, A., Andrade, D.S., Dick, R.P., 2003. Microbial biomass in soils 
under different tillage and crop rotation systems. Biology and Fertility of Soils 
38, 15-20. 
Batjes, N.H., 1996. Total carbon and nitrogen in the soils of the world. European 
Journal of Soil Science 47, 151-163. 
Bauer, P.J., Frederick, J.R., Busscher, W.J., 2002. Tillage effect on nutrient 
stratification in narrow- and wide-row cropping systems. Soil and Tillage 
Research 66, 175-182. 
Bauer, P.J., Frederick, J.R., Novak, J.M., Hunt, P.G., 2006. Soil CO2 flux from a 
norfolk loamy sand after 25 years of conventional and conservation tillage. Soil 
and Tillage Research 90, 205-211. 
Bausenwein, U., Gattinger, A., Langer, U., Embacher, A., Hartmann, H.P., Sommer, 
M., Munch, J.C., Schloter, M., 2008. Exploring soil microbial communities and 
soil organic matter: Variability and interactions in arable soils under minimum 
tillage practice. Applied Soil Ecology 40, 67-77. 
Bayer, C., Martin-Neto, L., Mielniczuk, J., Pavinato, A., Dieckow, J., 2006. Carbon 
sequestration in two Brazilian Cerrado soils under no-till. Soil and Tillage 
Research 86, 237-245. 
Bayer, C., Mielniczuk, J., Amado, T.J.C., Martin-Neto, L., Fernandes, S.V., 2000. 
Organic matter storage in a sandy clay loam Acrisol affected by tillage and 
cropping systems in southern Brazil. Soil and Tillage Research 54, 101-109. 
Beare, M.H., Gregorich, E.G., St-Georges, P., 2009. Compaction effects on CO2 and 
N2O production during drying and rewetting of soil. Soil Biology and 
Biochemistry 41, 611-621. 
Beare, M.H., Hendrix, P.F., Cabrera, M.L., Coleman, D.C., 1994. Aggregate-
protected and unprotected organic matter pools in conventional- and no-tillage 
soils. Soil Science Society of America Journal 58, 787-795. 
Bhattacharyya, R., Prakash, V., Kundu, S., Gupta, H.S., 2006. Effect of tillage and 
crop rotations on pore size distribution and soil hydraulic conductivity in sandy 
clay loam soil of the Indian Himalayas. Soil and Tillage Research 86, 129-140. 
Blagodatsky, S., Smith, P., 2012. Soil physics meets soil biology: Towards better 
mechanistic prediction of greenhouse gas emissions from soil. Soil Biology and 
Biochemistry 47, 78-92. 
Blanco-Canqui, H., Schlegel, A.J., Heer, W.F., 2011. Soil-profile distribution of 
carbon and associated properties in no-till along a precipitation gradient in the 
central Great Plains. Agriculture, Ecosystems & Environment 144, 107-116. 
Blevins, R.L., Cook, D., Phillips, S.H., Phillips, R.E., 1971. Influence of no-tillage on 
soil moisture. Agronomy Journal 63, 593-596. 
Bouyoucos, G.J., 1961. Hydrometer method improved for making particle size 
analyses of soils. Agronnomy Journal 54, 464-465. 
Bronick, C.J., Lal, R., 2005. Soil structure and management: a review. Geoderma 
124, 3-22. 
Burns, R.G., DeForest, J.L., Marxsen, J., Sinsabaugh, R.L., Stromberger, M.E., 
Wallenstein, M.D., Weintraub, M.N., Zoppini, A., 2013. Soil enzymes in a 
155 
changing environment: Current knowledge and future directions. Soil Biology 
and Biochemistry 58, 216-234. 
Buschiazzo, D.E., Panigatti, J.L., Unger, P.W., 1998. Tillage effects on soil 
properties and crop production in the subhumid and semiarid Argentinean 
Pampas. Soil and Tillage Research 49, 105-116. 
Calfapietra, C., Gielen, B., Karnosky, D., Ceulemans, R., Scarascia Mugnozza, G., 
2010. Response and potential of agroforestry crops under global change. 
Environmental Pollution 158, 1095-1104. 
Campbell, C., Zentner, R., Selles, F., Biederbeck, V., McConkey, B., Blomert, B., 
Jefferson, P., 2000. Quantifying short-term effects of crop rotations on soil 
organic carbon in southwestern Saskatchewan. Canadian Journal of Soil 
Science 80, 193-202. 
&DQWHUR-0DUWÕғQH] & $QJDV 3 /DPSXUODQpV -  Growth, yield and water 
productivity of barley (Hordeum vulgare L.) affected by tillage and N 
fertilization in Mediterranean semiarid, rainfed conditions of Spain. Field Crops 
Research 84, 341-357. 
Carter, M.R., 1994. A review of conservation tillage strategies for humid temperate 
regions. Soil and Tillage Research 31, 289-301. 
Carter, M.R., 2005. Long-term tillage effects on cool-season soybean in rotation with 
barley, soil properties and carbon and nitrogen storage for fine sandy loams in 
the humid climate of Atlantic Canada. Soil and Tillage Research 81, 109-120. 
Cássaro, F.A.M., Borkowski, A.K., Pires, L.F., Rosa, J.A., Saab, S.d.C., 2011. 
Characterization of a Brazilian clayey soil submitted to conventional and no-
tillage management practices using pore size distribution analysis. Soil and 
Tillage Research 111, 175-179. 
Castellanos-Navarrete, A., Rodríguez-Aragonés, C., de Goede, R.G.M., Kooistra, 
M.J., Sayre, K.D., Brussaard, L., Pulleman, M.M., 2012. Earthworm activity 
and soil structural changes under conservation agriculture in central Mexico. 
Soil and Tillage Research 123, 61-70. 
Chapuis-Lardy, L., Wrage, N., Metay, A., Chotte, J.-L., Bernoux, M., 2007. Soils, a 
sink for N2O? A review. Global Change Biology 13, 1-17. 
Chatskikh, D., Olesen, J.E., 2007. Soil tillage enhanced CO2 and N2O emissions 
from loamy sand soil under spring barley. Soil and Tillage Research 97, 5-18. 
Chatskikh, D., Olesen, J.E., Hansen, E.M., Elsgaard, L., Petersen, B.M., 2008. 
Effects of reduced tillage on net greenhouse gas fluxes from loamy sand soil 
under winter crops in Denmark. Agriculture Ecosystems & Environment 128, 
117-126. 
Chatterjee, A., Lal, R., 2009. On farm assessment of tillage impact on soil carbon and 
associated soil quality parameters. Soil and Tillage Research 104, 270-277. 
Chen, Y., Liu, S., Li, H., Li, X.F., Song, C.Y., Cruse, R.M., Zhang, X.Y., 2011. 
Effects of conservation tillage on corn and soybean yield in the humid 
continental climate region of Northeast China. Soil and Tillage Research 115±
116, 56-61. 
156 
Choudhary, M.A., Akramkhanov, A., Saggar, S., 2002. Nitrous oxide emissions from 
a New Zealand cropped soil: tillage effects, spatial and seasonal variability. 
Agriculture, Ecosystems and Environment 93, 33-43. 
Clapp, C.E., Allmaras, R.R., Layese, M.F., Linden, D.R., Dowdy, R.H., 2000. Soil 
organic carbon and 13C abundance as related to tillage, crop residue, and 
nitrogen fertilization under continuous corn management in Minnesota. Soil 
and Tillage Research 55, 127-142. 
Conant, R.T., Easter, M., Paustian, K., Swan, A., Williams, S., 2007. Impacts of 
periodic tillage on soil C stocks: A synthesis. Soil and Tillage Research 95, 1-
10. 
Curtin, D., Wang, H., Selles, F., McConkey, B., Campbell, C., 2000. Tillage effects 
on carbon fluxes in continuous wheat and fallow±wheat rotations. Soil Science 
Society of America Journal 64, 2080-2086. 
Dalal, R.C., Allen, D.E., Wang, W.J., Reeves, S., Gibson, I., 2011. Organic carbon 
and total nitrogen stocks in a Vertisol following 40 years of no-tillage, crop 
residue retention and nitrogen fertilisation. Soil and Tillage Research 112, 133-
139. 
Dam, R., Mehdi, B., Burgess, M., Madramootoo, C., Mehuys, G., Callum, I., 2005a. 
Soil bulk density and crop yield under eleven consecutive years of corn with 
different tillage and residue practices in a sandy loam soil in central Canada. 
Soil and Tillage Research 84, 41-53. 
Dam, R.F., Mehdi, B.B., Burgess, M.S.E., Madramootoo, C.A., Mehuys, G.R., 
Callum, I.R., 2005b. Soil bulk density and crop yield under eleven consecutive 
years of corn with different tillage and residue practices in a sandy loam soil in 
central Canada. Soil and Tillage Research 84, 41-53. 
de M. Sá, J.C., Cerri, C.C., Dick, W.A., Lal, R., Filho, S.P.V., Piccolo, M.C., Feigl, 
B.E., 2001. Organic matter dynamics and carbon sequestration rates for a 
tillage chronosequence in a Brazilian oxisol. Soil Science Society of America 
Journal 65, 1486-1499. 
de Rouw, A., Huon, S., Soulileuth, B., Jouquet, P., Pierret, A., Ribolzi, O., Valentin, 
C., Bourdon, E., Chantharath, B., 2010. Possibilities of carbon and nitrogen 
sequestration under conventional tillage and no-till cover crop farming 
(Mekong valley, Laos). Agriculture, Ecosystems & Environment 136, 148-161. 
Deen, W., Kataki, P.K., 2003. Carbon sequestration in a long-term conventional 
versus conservation tillage experiment. Soil and Tillage Research 74, 143-150. 
Del Galdo, I., Six, J., Peressotti, A., Cotrufo, M.F., 2003. Assessing the impact of 
land-use change on soil C sequestration in agricultural soils by means of 
organic matter fractionation and stable C isotopes. Global Change Biology 9, 
1204-1213. 
Del Grosso, S.J., Mosier, A.R., Parton, W.J., Ojima, D.S., 2005. DAYCENT model 
analysis of past and contemporary soil N2O and net greenhouse gas flux for 
major crops in the USA. Soil and Tillage Research 83, 9-24. 
Dendooven, L., Patiño-Zúñiga, L., Verhulst, N., Luna-Guido, M., Marsch, R., 
Govaerts, B., 2012. Global warming potential of agricultural systems with 
157 
contrasting tillage and residue management in the central highlands of Mexico. 
Agriculture, Ecosystems & Environment 152, 50-58. 
Denef, K., Six, J., Merckx, R., Paustian, K., 2004. Carbon Sequestration in 
Microaggregates of No-Tillage Soils with Different Clay Mineralogy. Soil 
Science Society of America Journal 68, 1935-1944. 
Denef, K., Zotarelli, L., Boddey, R.M., Six, J., 2007. Microaggregate-associated 
carbon as a diagnostic fraction for management-induced changes in soil organic 
carbon in two Oxisols. Soil Biology & Biochemistry 39, 1165-1172. 
Derpsch, R., 2001. Keynote: Frontiers in conservation tillage and adances in 
conservation practice. In: Stott, D.E., Mohtar, R.H., Steinhardt, G.C. (Eds.), 
Sustaining the global farm: 10th International Soil Conservation Organization 
meeting. Purdue University and the USDA-ARS National Soil Erosion 
Research Laboratory, pp. 248-254. 
Derpsch, R., Friedrich, T., 2009. Global Overview of Conservation Agriculture 
Adoption. In: Proceedings, Lead Papers, 4th World Congress on Conservation 
Agriculture. New Delhi, India, pp. 429-438. 
Dick, R.P., 2011. Methods of Soil Enzymology. Soil Science Society of America. 
Dolan, M.S., Clapp, C.E., Allmaras, R.R., Baker, J.M., Molina, J.A.E., 2006. Soil 
organic carbon and nitrogen in a Minnesota soil as related to tillage, residue 
and nitrogen management. Soil and Tillage Research 89, 221-231. 
Drury, C.F., Yang, X.M., Reynolds, W.D., Tan, C.S., 2004. Influence of crop rotation 
and aggregate size on carbon dioxide production and denitrification. Soil and 
Tillage Research 79, 87-100. 
Duiker, S.W., Lal, R., 1999. Crop residue and tillage effects on carbon sequestration 
in a Luvisol in central Ohio. Soil and Tillage Research 52, 73-81. 
Dutaur, L., Verchot, L.V., 2007. A global inventory of the soil CH4 sink. Global 
Biogeochemical Cycles 21, GB4013. 
Ekeberg, E., Riley, H.C.F., 1997. Tillage intensity effects on soil properties and crop 
yields in a long-term trial on morainic loam soil in southeast Norway. Soil and 
Tillage Research 42, 277-293. 
Elder, J.W., Lal, R., 2008. Tillage effects on gaseous emissions from an intensively 
farmed organic soil in North Central Ohio. Soil and Tillage Research 98, 45-55. 
Ellert, B.H., Janzen, H.H., 1999. Short-term influence of tillage on CO2 fluxes from a 
semi-arid soil on the Canadian Prairies. Soil and Tillage Research 50, 21-32. 
Eriksen-Hamel, N.S., Speratti, A.B., Whalen, J.K., Légère, A., Madramootoo, C.A., 
2009. Earthworm populations and growth rates related to long-term crop 
residue and tillage management. Soil and Tillage Research 104, 311-316. 
Ernst, G., Emmerling, C., 2009. Impact of five different tillage systems on soil 
organic carbon content and the density, biomass, and community composition 
of earthworms after a ten year period. European Journal of Soil Biology 45, 
247-251. 
Ernst, O., Siri-Prieto, G., 2009b. Impact of perennial pasture and tillage systems on 
carbon input and soil quality indicators. Soil and Tillage Research 105, 260-
268. 
158 
Evrendilek, F., Celik, I., Kilic, S., 2004. Changes in soil organic carbon and other 
physical soil properties along adjacent Mediterranean forest, grassland, and 
cropland ecosystems in Turkey. Journal of Arid Environments 59, 743-752. 
FAO, 2010a. http://www.fao.org/economic/ess/ess-publications/ess-yearbook/ ess-
yearbook 2010/ yearbook2010-reources/en/. 
FAO, 2010b. http://www.fao.org/ag/ca/CA-Publications/China_IJABE.pdf. 
FAO, http://www.fao.org/nr/gaez/en/. 
Farina, R., Seddaiu, G., Orsini, R., Steglich, E., Roggero, P.P., Francaviglia, R., 
2011. Soil carbon dynamics and crop productivity as influenced by climate 
change in a rainfed cereal system under contrasting tillage using EPIC. Soil and 
Tillage Research 112, 36-46. 
Fernández, R., Quiroga, A., Zorati, C., Noellemeyer, E., 2010. Carbon contents and 
respiration rates of aggregate size fractions under no-till and conventional 
tillage. Soil and Tillage Research 109, 103-109. 
Ferraz, E., Mansell, R., 1979. Determining water content and bulk density of soil by 
gamma ray attenuation methods. Agricultural Experiment Stations, Institute of 
Food and Agricultural Sciences, University of Florida. 
Fiji, 2012. http://fiji.sc/wiki/index.php/Auto_Threshold#MaxEntropy. 
Filipovic, D., Husnjak, S., Kosutic, S., Gospodaric, Z., 2006. Effects of tillage 
systems on compaction and crop yield of Albic Luvisol in Croatia. Journal of 
Terramechanics 43, 177-189. 
Follett, R.F., 2001. Soil management concepts and carbon sequestration in cropland 
soils. Soil and Tillage Research 61, 77-92. 
Franchini, J.C., Debiasi, H., Balbinot Junior, A.A., Tonon, B.C., Farias, J.R.B., 
Oliveira, M.C.N.d., Torres, E., 2012. Evolution of crop yields in different 
tillage and cropping systems over two decades in southern Brazil. Field Crops 
Research 137, 178-185. 
Franzluebbers, A.J., Hons, F.M., 1996. Soil-profile distribution of primary and 
secondary plant-available nutrients under conventional and no tillage. Soil and 
Tillage Research 39, 229-239. 
Freixo, A.A., Machado, P.L.O.d.A., dos Santos, H.P., Silva, C.A., Fadigas, F.d.S., 
2002. Soil organic carbon and fractions of a Rhodic Ferralsol under the 
influence of tillage and crop rotation systems in southern Brazil. Soil and 
Tillage Research 64, 221-230. 
Fuentes, M., Govaerts, B., Hidalgo, C., Etchevers, J., González-Martín, I., 
Hernández-Hierro, J.M., Sayre, K.D., Dendooven, L., 2010. Organic carbon 
and stable 13C isotope in conservation agriculture and conventional systems. 
Soil Biology and Biochemistry 42, 551-557. 
Gaiser, T., Abdel-Razek, M., Bakara, H., 2009. Modeling carbon sequestration under 
zero-tillage at the regional scale. II. The influence of crop rotation and soil 
type. Ecological Modelling 220, 3372-3379. 
Gantzer, C.J., Anderson, S.H., 2002. Computed tomographic measurement of 
macroporosity in chisel-disk and no-tillage seedbeds. Soil and Tillage Research 
64, 101-111. 
159 
Garland, J.L., 1997. Analysis and interpretation of community-level physiological 
profiles in microbial ecology. FEMS Microbiology Ecology 24, 289-300. 
Gebhardt, M.R., Daniel, T.C., Schweizer, E.E., Allmaras, R.R., 1985. Conservation 
tillage. Science 230, 625-630. 
Glagovich, 2013. http://www.chemistry.ccsu.edu/ glagovich/teaching/316/ 
ir/table.html. In. 
Golchin, A., Oades, J., Skjemstad, J., Clarke, P., 1994. Study of free and occluded 
particulate organic matter in soils by solid state 13C Cp/MAS NMR 
spectroscopy and scanning electron microscopy. Soil Research 32, 285-309. 
Gosai, K., Arunachalam, A., Dutta, B.K., 2009. Influence of conservation tillage on 
soil physicochemical properties in a tropical rainfed agricultural system of 
northeast India. Soil and Tillage Research 105, 63-71. 
Govaerts, B., Mezzalama, M., Unno, Y., Sayre, K.D., Luna-Guido, M., Vanherck, K., 
Dendooven, L., Deckers, J., 2007. Influence of tillage, residue management, 
and crop rotation on soil microbial biomass and catabolic diversity. Applied 
Soil Ecology 37, 18-30. 
Grace, P.R., Antle, J., Aggarwal, P.K., Ogle, S., Paustian, K., Basso, B., 2012. Soil 
carbon sequestration and associated economic costs for farming systems of the 
Indo-Gangetic Plain: A meta-analysis. Agriculture, Ecosystems & Environment 
146, 137-146. 
Gregorich, E.G., Drury, C.F., Baldock, J.A., 2001. Changes in soil carbon under 
long-term maize in monoculture and legume-based rotation. Canadian Journal 
of Soil Science 81, 21-31. 
Gruber, S., Pekrun, C., Möhring, J., Claupein, W., 2012. Long-term yield and weed 
response to conservation and stubble tillage in SW Germany. Soil and Tillage 
Research 121, 49-56. 
Guérif, J., Richard, G., Dürr, C., Machet, J.M., Recous, S., Roger-Estrade, J., 2001. A 
review of tillage effects on crop residue management, seedbed conditions and 
seedling establishment. Soil and Tillage Research 61, 13-32. 
Gupta, J.P., Gupta, G.K., 1986. Effect of tillage and mulching on soil environment 
and cowpea seedling growth under arid conditions. Soil and Tillage Research 7, 
233-240. 
Halvorson, A.D., Black, A.L., Krupinsky, J.M., Merrill, S.D., Wienhold, B.J., 
Tanaka, D.L., 2000. Spring wheat response to tillage and nitrogen fertilization 
in rotation with sunflower and winter wheat contribution from USDA-ARS. 
Agronomy Journal 92, 136-144. 
Halvorson, A.D., Peterson, G.A., Reule, C.A., 2002. Tillage  system and crop 
rotation effects on dryland crop yields and soil carbon in the central great 
plains, contribution from USDA-ARS. Agronomy Journal 94, 1429-1436. 
Hamza, M.A., Anderson, W.K., 2005. Soil compaction in cropping systems: A 
review of the nature, causes and possible solutions. Soil and Tillage Research 
82, 121-145. 
160 
Hao, X., Chang, C., Conner, R.L., Bergen, P., 2001b. Effect of minimum tillage and 
crop sequence on crop yield and quality under irrigation in a southern Alberta 
clay loam soil. Soil and Tillage Research 59, 45-55. 
Hao, X., Chang, C., Lindwall, C.W., 2001a. Tillage and crop sequence effects on 
organic carbon and total nitrogen content in an irrigated Alberta soil. Soil and 
Tillage Research 62, 167-169. 
Hassink, J., 1995. Density fractions of soil macroorganic matter and microbial 
biomass as predictros of C-mineralization and N-mineralization. Soil Biology 
& Biochemistry 27, 1099-1108. 
He, J., Li, H., Rasaily, R.G., Wang, Q., Cai, G., Su, Y., Qiao, X., Liu, L., 2011. Soil 
properties and crop yields after 11 years of no tillage farming in wheat±maize 
cropping system in North China Plain. Soil and Tillage Research 113, 48-54. 
Heeraman, D.A., Hopmans, J.W., Clausnitzer, V., 1997. Three dimensional imaging 
of plant roots in situ with X-ray Computed Tomography. Plant and Soil 189, 
167-179. 
Helgason, B.L., Walley, F.L., Germida, J.J., 2010. No-till soil management increases 
microbial biomass and alters community profiles in soil aggregates. Applied 
Soil Ecology 46, 390-397. 
Hemmat, A., Eskandari, I., 2004. Conservation tillage practices for winter wheat±
fallow farming in the temperate continental climate of northwestern Iran. Field 
Crops Research 89, 123-133. 
Hemmat, A., Eskandari, I., 2006. Dryland winter wheat response to conservation 
tillage in a continuous cropping system in northwestern Iran. Soil and Tillage 
Research 86, 99-109. 
Hermle, S., Anken, T., Leifeld, J., Weisskopf, P., 2008. The effect of the tillage 
system on soil organic carbon content under moist, cold-temperate conditions. 
Soil and Tillage Research 98, 94-105. 
Hernanz, J.L., Sánchez-Girón, V., Navarrete, L., 2009. Soil carbon sequestration and 
stratification in a cereal/leguminous crop rotation with three tillage systems in 
semiarid conditions. Agriculture, Ecosystems and Environment 133, 114-122. 
Hill, R.L., 1990. Long-term Conventional And No-tillage Effects On Selected Soil 
Physical Properties. Soil Science Society of America Journal 54, 161-166. 
Hoffmann, G.G., Dedeken, M., 1965. Eine Methode zur colorimetrischen 
%HVWLPPXQJ GHU ȕ-Glucosidase-Aktivität in Böden. Zeitschrift für 
Pflanzenernährung, Düngung, Bodenkunde 108, 193-198. 
Holland, E., Coleman, D., 1987. Litter placement effects on microbial and organic 
matter dynamics in an agroecosystem. Ecology, 425-433. 
Hounsfield, G.N., 1973. Computerized transverse axial scanning (tomography): Part 
1. Description of system. British Journal of Radiology 46, 1016-1022. 
Huang, G.B., Zhang, R.Z., Li, G.D., Li, L.L., Chan, K.Y., Heenan, D.P., Chen, W., 
Unkovich, M.J., Robertson, M.J., Cullis, B.R., Bellotti, W.D., 2008. 
Productivity and sustainability of a spring wheat-field pea rotation in a semi-
arid environment under conventional and conservation tillage systems. Field 
Crops Research 107, 43-55. 
161 
Hubert, F., Hallaire, V., Sardini, P., Caner, L., Heddadj, D., 2007. Pore morphology 
changes under tillage and no-tillage practices. Geoderma 142, 226-236. 
Hütsch, B.W., 1998. Tillage and land use effects on methane oxidation rates and their 
vertical profiles in soil. Biology and Fertility of Soils 27, 284-292. 
Hütsch, B.W., 2001. Methane oxidation in non-flooded soils as affected by crop 
production - invited paper. European Journal of Agronomy 14, 237-260. 
Ian, J.R., 2011. Sequestering carbon in minimum-tilled clay soils used for irrigated 
cotton and grain production. Soil and Tillage Research 112, 1-7. 
ImageJ, 2012. http://rsbweb.nih.gov/ij/docs/guide/146-29.html. 
IPCC, 2001. Climate change 2001 : the scientific basis, contribution of Working 
Group I to the third assessment report of the Intergovernmental Panel on 
Climate Change / edited by J.T. Houghton ... [et al.]. Cambridge University 
Press. 
IPCC, 2007a. Summary for policy makers. In: Solomon, S., Qin, D., Manning, M., 
Chen, Z., Marquis, M., Averyt, K., Tignor, M., Miller, H. (Eds.), Climate 
Change 2007: The physical science basis. Contribution of working group I to 
the fourth assessment report of the intergovernmental panel on climate change. 
Cambridge University Press, New York, United Kingdom and New York, NY, 
USA. 
IPCC, 2007b. Climate change 2007: Mitigation. Contribution of Working group III to 
the Fourth Assessment Report of the Intergovernmental Panel on Climate 
Change. In: Metz, B., Davidson, O., Bosch, P., Dave, R., Meyer, L. (Eds.), 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, 
USA. 
Jacobs, A., Rauber, R., Ludwig, B., 2009. Impact of reduced tillage on carbon and 
nitrogen storage of two Haplic Luvisols after 40 years. Soil and Tillage 
Research 102, 158-164. 
Jantalia, C.P., Resck, D.V.S., Alves, B.J.R., Zotarelli, L., Urquiaga, S., Boddey, 
R.M., 2007. Tillage effect on C stocks of a clayey Oxisol under a soybean-
based crop rotation in the Brazilian Cerrado region. Soil and Tillage Research 
95, 97-109. 
Jarecki, M.K., Lal, R., James, R., 2005. Crop management effects on soil carbon 
VHTXHVWUDWLRQRQVHOHFWHGIDUPHUV¶ILHOGVLQQRUWKHDVWHUQ2KLR. Soil and Tillage 
Research 81, 265-276. 
Jastrow, J.D., Amonette, J.E., Bailey, V.L., 2007. Mechanisms controlling soil 
carbon turnover and their potential application for enhancing carbon 
sequestration. Climatic Change 80, 5-23. 
Jastrow, J.D., Boutton, T.W., Miller, R.M., 1996. Carbon dynamics of aggregate-
associated organic matter estimated by carbon-13 natural abundance. Soil 
Science Society of America Journal 60, 801-807. 
Jemai, I., Ben Aissa, N., Ben Guirat, S., Ben-Hammouda, M., Gallali, T., 2012. On-
farm assessment of tillage impact on the vertical distribution of soil organic 
carbon and structural soil properties in a semiarid region in Tunisia. Journal of 
Environmental Management 113, 488-494. 
162 
Jenkinson, D., Andrew, S., Lynch, J., Goss, M., Tinker, P., 1990. The turnover of 
organic carbon and nitrogen in soil [and discussion]. Philosophical 
Transactions of the Royal Society of London. Series B: Biological Sciences 
329, 361-368. 
Jenkinson, D.S., Brookes, P.C., Powlson, D.S., 2004. Measuring soil microbial 
biomass. Soil Biology and Biochemistry 36, 5-7. 
Jones, M.N., 1984. Nitrate reduction by shaking with cadmium: Alternative to 
cadmium columns. Water Research 18, 643-646. 
Kahlon, M.S., Lal, R., Ann-Varughese, M., 2013. Twenty two years of tillage and 
mulching impacts on soil physical characteristics and carbon sequestration in 
Central Ohio. Soil and Tillage Research 126, 151-158. 
Känkänen, H., Alakukku, L., Salo, Y., Pitkänen, T., 2011. Growth and yield of spring 
cereals during transition to zero tillage on clay soils. European Journal of 
Agronomy 34, 35-45. 
Karunatilake, U., van Es, H.M., Schindelbeck, R.R., 2000. Soil and maize response to 
plow and no-tillage after alfalfa-to-maize conversion on a clay loam soil in 
New York. Soil and Tillage Research 55, 31-42. 
Kasper, M., Buchan, G.D., Mentler, A., Blum, W.E.H., 2009. Influence of soil tillage 
systems on aggregate stability and the distribution of C and N in different 
aggregate fractions. Soil and Tillage Research 105, 192-199. 
Katsalirou, E., Deng, S., Nofziger, D.L., Gerakis, A., 2010. Long-term management 
effects on organic C and N pools and activities of C-transforming enzymes in 
prairie soils. European Journal of Soil Biology 46, 335-341. 
Kay, B.D., VandenBygaart, A.J., 2002. Conservation tillage and depth stratification 
of porosity and soil organic matter. Soil and Tillage Research 66, 107-118. 
Kempers, A.J., 1974. Determination of sub-microquantities of ammonium and 
nitrates in soils with phenol, sodiumnitroprusside and hypochlorite. Geoderma 
12, 201-206. 
Kessavalou, A., Doran, J.W., Mosier, A.R., Drijber, R.A., 1998. Greenhouse gas 
fluxes following tillage and wetting in a wheat-fallow cropping system. Journal 
of Environmental Quality 27, 1105-1116. 
Ketcham, R.A., 2005. Three-dimensional grain fabric measurements using high-
resolution X-ray computed tomography. Journal of Structural Geology 27, 
1217-1228. 
Ketcham, R.A., Carlson, W.D., 2001. Acquisition, optimization and interpretation of 
X-ray computed tomographic imagery: applications to the geosciences. 
Computers & Geosciences 27, 381-400. 
Kettler, T.A., Lyon, D.J., Doran, J.W., Powers, W.L., Stroup, W.W., 2000. Soil 
Quality Assessment after Weed-Control Tillage in a No-Till Wheat±Fallow 
Cropping System. Soil Sci. Soc. Am. J. 64, 339-346. 
Kiener, A., Leisinger, T., 1983. Oxygen Sensitivity of Methanogenic Bacteria. 
Systematic and Applied Microbiology 4, 305-312. 
163 
Kim, H., Anderson, S.H., Motavalli, P.P., Gantzer, C.J., 2010. Compaction effects on 
soil macropore geometry and related parameters for an arable field. Geoderma 
160, 244-251. 
Kimble, J.M., Lal, R., Follet, R.F., 2001. Methods of assessing soil carbon pools. In: 
Lal, R., Kimble, J.M., Follet, R.F., Stewart, B.A. (Eds.), Assesment methods 
for soil carbon. Lewis publishers, Boca Raton, FL, pp. 3-12. 
Kimura, S.D., Melling, L., Goh, K.J., 2012. Influence of soil aggregate size on 
greenhouse gas emission and uptake rate from tropical peat soil in forest and 
different oil palm development years. Geoderma 185±186, 1-5. 
Klute, C., Dirksen, C., 1986. Hydraulic conductivity and diffusivity: laboratory 
methods. In: Klute, A. (Ed.), Methods of Soil Analysis. Part 1 (2nd ed). 
American Society of Agronomy and Soil Science Society of America Madison, 
WI. USA, pp. 687±734. 
Koga, N., Tsuji, H., 2009. Effects of reduced tillage, crop residue management and 
manure application practices on crop yields and soil carbon sequestration on an 
Andisol in northern Japan. Soil Science & Plant Nutrition 55, 546-557. 
Kong, A.Y.Y., Fonte, S.J., van Kessel, C., Six, J., 2009. Transitioning from standard 
to minimum tillage: Trade-offs between soil organic matter stabilization, 
nitrous oxide emissions, and N availability in irrigated cropping systems. Soil 
and Tillage Research 104, 256-262. 
Krull, E.S., Baldock, J.A., Skjemstad, J.O., 2003. Importance of mechanisms and 
processes of the stabilisation of soil organic matter for modelling carbon 
turnover. Functional Plant Biology 30, 207-222. 
Kumar, V., Saharawat, Y.S., Gathala, M.K., Jat, A.S., Singh, S.K., Chaudhary, N., 
Jat, M.L., 2013. Effect of different tillage and seeding methods on energy use 
efficiency and productivity of wheat in the Indo-Gangetic Plains. Field Crops 
Research 142, 1-8. 
Kushwaha, C.P., Tripathi, S.K., Singh, K.P., 2001. Soil organic matter and water-
stable aggregates under different tillage and residue conditions in a tropical 
dryland agroecosystem. Applied Soil Ecology 16, 229-241. 
Kutcher, H.R., Malhi, S.S., 2010. Residue burning and tillage effects on diseases and 
yield of barley (Hordeum vulgare) and canola (Brassica napus). Soil and 
Tillage Research 109, 153-160. 
Lafond, G., Loeppky, H., Derksen, D., 1992. The effects of tillage systems and crop 
rotations on soil water conservation, seedling establishment and crop yield. 
Canadian Journal of Plant Science 72, 103-115. 
Lal, R., 1997. Long-term tillage and maize monoculture effects on a tropical Alfisol 
in western Nigeria. II. Soil chemical properties. Soil and Tillage Research 42, 
161-174. 
Lal, R., 2004. Soil Carbon Sequestration Impacts on Global Climate Change and 
Food Security. Science 304, 1623-1627. 
Lal, R., 2004a. Soil carbon sequestration to mitigate climate change. Geoderma 123, 
1-22. 
164 
Lal, R., 2004b. Soil carbon sequestration impacts on global climate change and food 
security. Science 304, 1623-1627. 
Lal, R., 2009. Challenges and opportunities in soil organic matter research. European 
Journal of Soil Science 60, 158-169. 
Lal, R., Kimble, J.M., 1997. Conservation tillage for carbon sequestration. Nutrient 
Cycling in Agroecosystems 49, 243-253. 
Lal, R., Kimble, J.M., Follett, R.F., Cole, C.V., 1998. The Potential of US Cropland 
to Sequester Carbon and Mitigate the Greenhouse Effect. In: Ann Arbor Press, 
Chelsea, MI, pp. 128. 
Lal, R., Mahboubi, A., Fausey, N., 1994. Long-term tillage and rotation effects on 
properties of a central Ohio soil. Soil Science Society of America Journal 58, 
517-522. 
Lal, R., Reicosky, D.C., Hanson, J.D., 2007. Evolution of the plow over 10,000 years 
and the rationale for no-till farming. Soil and Tillage Research 93, 1-12. 
/DPSXUODQpV - $QJiV 3 &DQWHUR-0DUWÕғQH] &  5RRW JURZWK VRLO ZDWHU
content and yield of barley under different tillage systems on two soils in 
semiarid conditions. Field Crops Research 69, 27-40. 
Lampurlanés, J., Cantero-Martínez, C., 2006. Hydraulic conductivity, residue cover 
and soil surface roughness under different tillage systems in semiarid 
conditions. Soil and Tillage Research 85, 13-26. 
Larney, F.J., Bremer, E., Janzen, H.H., Johnston, A.M., Lindwall, C.W., 1997. 
Changes in total, mineralizable and light fraction soil organic matter with 
cropping and tillage intensities in semiarid southern Alberta, Canada. Soil and 
Tillage Research 42, 229-240. 
Li, D., Liu, M., Cheng, Y., Wang, D., Qin, J., Jiao, J., Li, H., Hu, F., 2011. Methane 
emissions from double-rice cropping system under conventional and no tillage 
in southeast China. Soil and Tillage Research 113, 77-81. 
Lipiec, J., Walczak, R., Witkowska-Walczak, B., Nosalewicz, A., Slowinska-
Jurkiewicz, A., Slawinski, C., 2007. The effect of aggregate size on water 
retention and pore structure of two silt loam soils of different genesis. Soil and 
Tillage Research 97, 239-246. 
López-Fando, C., Pardo, M.T., 2011. Soil carbon storage and stratification under 
different tillage systems in a semi-arid region. Soil and Tillage Research 111, 
224-230. 
Lou, Y., Xu, M., Chen, X., He, X., Zhao, K., 2012. Stratification of soil organic C, N 
and C:N ratio as affected by conservation tillage in two maize fields of China. 
Catena 95, 124-130. 
Lugato, E., Morari, F., Nardi, S., Berti, A., Giardini, L., 2009. Relationship between 
aggregate pore size distribution and organic-humic carbon in contrasting soils. 
Soil and Tillage Research 103, 153-157. 
Luo, L., Lin, H., Li, S., 2010. Quantification of 3-D soil macropore networks in 
different soil types and land uses using computed tomography. Journal of 
Hydrology 393, 53-64. 
165 
Luo, Z., Wang, E., Sun, O.J., 2010b. Can no-tillage stimulate carbon sequestration in 
agricultural soils? A meta-analysis of paired experiments. Agriculture, 
Ecosystems & Environment 139, 224-231. 
Lupwayi, N.Z., Arshad, M.A., Rice, W.A., Clayton, G.W., 2001. Bacterial diversity 
in water-stable aggregates of soils under conventional and zero tillage 
management. Applied Soil Ecology 16, 251-261. 
Luxhøi, J., Magid, J., Tscherko, D., Kandeler, E., 2002. Dynamics of invertase, 
xylanase and coupled quality indices of decomposing green and brown plant 
residues. Soil Biology and Biochemistry 34, 501-508. 
Lyon, D.J., Stroup, W.W., Brown, R.E., 1998. Crop production and soil water storage 
in long-term winter wheat±fallow tillage experiments. Soil and Tillage 
Research 49, 19-27. 
Macedo, A., Crestana, S., Vaz, C.M.P., 1998. X-ray microtomography to investigate 
thin layers of soil clod. Soil and Tillage Research 49, 249-253. 
Machado, S., Petrie, S., Rhinhart, K., Qu, A., 2007. Long-term continuous cropping 
in the Pacific Northwest: Tillage and fertilizer effects on winter wheat, spring 
wheat, and spring barley production. Soil and Tillage Research 94, 473-481. 
Madari, B., Machado, P.L.O.A., Torres, E., de Andrade, A.G., Valencia, L.I.O., 
2005. No tillage and crop rotation effects on soil aggregation and organic 
carbon in a Rhodic Ferralsol from southern Brazil. Soil and Tillage Research 
80, 185-200. 
Madejon, E., Burgos, P., Lopez, R., Cabrera, F., 2003. Agricultural use of three 
organic residues: effect on orange production and on properties of a soil of the 
µ&RPDUFD&RVWD GH+XHOYD¶6:6SDLQ1XWULHQW&\FOLQJ LQ $JURHFRV\VWHPV
65, 281-288. 
Malhi, S.S., Lemke, R., Wang, Z.H., Chhabra, B.S., 2006. Tillage, nitrogen and crop 
residue effects on crop yield, nutrient uptake, soil quality, and greenhouse gas 
emissions. Soil and Tillage Research 90, 171-183. 
Mangalassery, S., Sjögersten, S., Sparkes, D.L., Sturrock, C.J., Mooney, S.J., 2013. 
The effect of soil aggregate size on pore structure and its consequence on 
emission of greenhouse gases. Soil and Tillage Research 132, 39-46. 
Manns, H.R., Maxwell, C.D., Emery, R.J.N., 2007. The effect of ground cover or 
initial organic carbon on soil fungi, aggregation, moisture and organic carbon in 
one season with oat (Avena sativa) plots. Soil and Tillage Research 96, 83-94. 
Mao, J., Olk, D.C., Fang, X., He, Z., Schmidt-Rohr, K., 2008. Influence of animal 
manure application on the chemical structures of soil organic matter as 
investigated by advanced solid-state NMR and FT-IR spectroscopy. Geoderma 
146, 353-362. 
Marland, G., Garten Jr, C.T., Post, W.M., West, T.O., 2004. Studies on enhancing 
carbon sequestration in soils. Energy 29, 1643-1650. 
Martens, D.A., Johanson, J.B., Frankenberger Jr, W.T., 1992. Production and 
persistence of soil enzymes with repeated addition of organic residues. Soil 
Science 153, 53-61. 
166 
McConkey, B.G., Liang, B.C., Campbell, C.A., Curtin, D., Moulin, A., Brandt, S.A., 
Lafond, G.P., 2003. Crop rotation and tillage impact on carbon sequestration in 
Canadian prairie soils. Soil and Tillage Research 74, 81-90. 
Medeiros, J., da Silva, A., Cerri, C., Giarola, N., Figueiredo, G., Fracetto, F., 2011. 
Linking physical quality and CO&lt;sub&gt;2&lt;/sub&gt; emissions under 
long-term no-till and conventional-till in a subtropical soil in Brazil. Plant and 
Soil 338, 5-15. 
Melero, S., López-Bellido, R.J., López-Bellido, L., Muñoz-Romero, V., Moreno, F., 
Murillo, J.M., 2011. Long-term effect of tillage, rotation and nitrogen fertiliser 
on soil quality in a Mediterranean Vertisol. Soil and Tillage Research 114, 97-
107. 
Melero, S., López-Garrido, R., Murillo, J.M., Moreno, F., 2009. Conservation tillage: 
Short- and long-term effects on soil carbon fractions and enzymatic activities 
under Mediterranean conditions. Soil and Tillage Research 104, 292-298. 
Metay, A., Moreira, J.A.A., Bernoux, M., Boyer, T., Douzet, J.-M., Feigl, B., Feller, 
C., Maraux, F., Oliver, R., Scopel, E., 2007. Storage and forms of organic 
carbon in a no-tillage under cover crops system on clayey Oxisol in dryland 
rice production (Cerrados, Brazil). Soil and Tillage Research 94, 122-132. 
Mijangos, I., Becerril, J.M., Albizu, I., Epelde, L., Garbisu, C., 2009. Effects of 
glyphosate on rhizosphere soil microbial communities under two different plant 
compositions by cultivation-dependent and -independent methodologies. Soil 
Biology and Biochemistry 41, 505-513. 
Mooney, S.J., Morris, C., 2008. A morphological approach to understanding 
preferential flow using image analysis with dye tracers and X-ray Computed 
Tomography. Catena 73, 204-211. 
Morell, F.J., Lampurlanés, J., Álvaro-Fuentes, J., Cantero-Martínez, C., 2011. Yield 
and water use efficiency of barley in a semiarid Mediterranean agroecosystem: 
Long-term effects of tillage and N fertilization. Soil and Tillage Research 117, 
76-84. 
Mosier, A., Delgado, J., Cochran, V., Valentine, D., Parton, W., 1997. Impact of 
agriculture on soil consumption of atmospheric CH4 and a comparison of CH4 
and N2O flux in subarctic, temperate and tropical grasslands. Nutrient Cycling 
in Agroecosystems 49, 71-83. 
Mrabet, R., 2000. Differential response of wheat to tillage management systems in a 
semiarid area of Morocco. Field Crops Research 66, 165-174. 
Mrabet, R., Ibno-Namr, K., Bessam, F., Saber, N., 2001a. Soil chemical quality 
changes and implications for fertilizer management after 11years of no-tillage 
wheat production systems in semiarid Morocco. Land Degradation and 
Development 21, 1-13. 
Mrabet, R., Saber, N., El-Brahli, A., Lahlou, S., Bessam, F., 2001b. Total, particulate 
organic matter and structural stability of a Calcixeroll soil under different wheat 
rotations and tillage systems in a semiarid area of Morocco. Soil and Tillage 
Research 57, 225-235. 
Nazaries, L., Tate, K.R., Ross, D.J., Singh, J., Dando, J., Saggar, S., Baggs, E.M., 
Millard, P., Murrell, J.C., Singh, B.K., 2011. Response of methanotrophic 
167 
communities to afforestation and reforestation in New Zealand. The ISME 
journal 5, 1832-1836. 
Nelson, D.W., Sommers, L.E., 1982. Total carbon, organic carbon and organic 
matter. In: Page, A.L., Miller, R.H., Keeney, D.R. (Eds.), Methods of Soil 
Analysis, Part 2. Agronomy 9:539±579. 
Noguez, A.M., Escalante, A.E., Forney, L.J., Nava-Mendoza, M., Rosas, I., Souza, 
V., Garcia-Oliva, F., 2008. Soil aggregates in a tropical deciduous forest: 
effects on C and N dynamics, and microbial communities as determined by t-
RFLPs. Biogeochemistry 89, 209-220. 
Nyamadzawo, G., Nyamangara, J., Nyamugafata, P., Muzulu, A., 2009. Soil 
microbial biomass and mineralization of aggregate protected carbon in fallow-
maize systems under conventional and no-tillage in Central Zimbabwe. Soil 
and Tillage Research 102, 151-157. 
Nyborg, M., Solberg, E.D., Izaurralde, R.C., Malhi, S.S., Molina-Ayala, M., 1995. 
Influence of long-term tillage, straw and N fertilizer on barley yield, plant-N 
uptake and soil-N balance. Soil and Tillage Research 36, 165-174. 
Ohlinger, R., 1995. Dehydrogenase activity with the substrate TTC. In: Schinner, F., 
Ohlinger, R., Kandeler, E., Margesin, R. (Eds.), Methods in Soil Biology. 
Springer pp. 241-243. 
Olsen, P.A., Børresen, T., 1997. Measuring differences in soil properties in soils with 
different cultivation practices using computer tomography. Soil and Tillage 
Research 44, 1-12. 
Oorts, K., Merckx, R., Gréhan, E., Labreuche, J., Nicolardot, B., 2007. Determinants 
of annual fluxes of CO2 and N2O in long-term no-tillage and conventional 
tillage systems in northern France. Soil and Tillage Research 95, 133-148. 
Osunbitan, J.A., Oyedele, D.J., Adekalu, K.O., 2005. Tillage effects on bulk density, 
hydraulic conductivity and strength of a loamy sand soil in southwestern 
Nigeria. Soil and Tillage Research 82, 57-64. 
Page, A.L., Miller, R.H., Keeney, D.R., 1982. Methods of soil analysis, Part 2- 
Chemical and microbiological properties second edition. American Society of  
Agronomy and Soil Science Society of America, Madison, WI. USA, pp. 1159. 
Pandey, D.N., 2002. Carbon sequestration in agroforestry systems. Climate Policy 2, 
367-377. 
Papadopoulos, A., Bird, N.R.A., Whitmore, A.P., Mooney, S.J., 2009. Investigating 
the effects of organic and conventional management on soil aggregate stability 
using X-ray computed tomography. European Journal of Soil Science 60, 360-
368. 
Patil, S.L., 2013. Winter sorghum (Sorghum bicolor) productivity as influenced by 
tillage practices and nitrogen management in Vertisols of SAT, India. Soil and 
Tillage Research 126, 183-192. 
Peigne, J., Ball, B.C., Roger-Estrade, J., David, C., 2007. Is conservation tillage 
suitable for organic farming? A review. Soil Use and Management 23, 129-144. 
168 
Perret, J., Prasher, S.O., Kantzas, A., Langford, C., 1999. Three-dimensional 
quantification of macropore networks in undisturbed soil cores. Soil Science 
Society of America Journal 63, 1530-1543. 
Perret, J., Prasher, S.O., Kantzas, A., Langford, C., 1999. Three-dimensional 
quantification of macropore networks in undisturbed soil cores. Soil Science 
Society of America Journal 63, 1530-1543. 
Petersen, S.O., Mutegi, J.K., Hansen, E.M., Munkholm, L.J., 2011. Tillage effects on 
N2O emissions as influenced by a winter cover crop. Soil Biology and 
Biochemistry 43, 1509-1517. 
Petersen, S.O., Schjønning, P., Thomsen, I.K., Christensen, B.T., 2008. Nitrous oxide 
evolution from structurally intact soil as influenced by tillage and soil water 
content. Soil Biology and Biochemistry 40, 967-977. 
Petrovic, A.M., Siebert, J.E., Rieke, P.E., 1982. Soil Bulk Density Analysis in Three 
Dimensions by Computed Tomographic Scanning1. Soil Sci. Soc. Am. J. 46, 
445-450. 
Pierce, F.J., Fortin, M.-C., Staton, M.J., 1994. Periodic plowing effects on soil 
properties in a no-till farming system. Soil Science Society of America Journal 
58, 1782-1787. 
Pires, L.F., Borges, J.A., Bacchi, O.O., Reichardt, K., 2010. Twenty-five years of 
computed tomography in soil physics: A literature review of the Brazilian 
contribution. Soil and Tillage Research 110, 197-210. 
Pires, L.F., de Macedo, J.R., de Souza, M.D., Bacchi, O.O.S., Reichardt, K., 2002. 
Gamma-ray computed tomography to characterize soil surface sealing. Applied 
Radiation and Isotopes 57, 375-380. 
Piva, J.T., Dieckow, J., Bayer, C., Zanatta, J.A., de Moraes, A., Pauletti, V., Tomazi, 
M., Pergher, M., 2012. No-till reduces global warming potential in a 
subtropical Ferralsol. Plant and Soil 361, 359-373. 
Plassart, P., Akpa Vinceslas, M., Gangneux, C., Mercier, A., Barray, S., Laval, K., 
2008. Molecular and functional responses of soil microbial communities under 
grassland restoration. Agriculture, Ecosystems & Environment 127, 286-293. 
Plaza, C., Courtier-Murias, D., Fernández, J.M., Polo, A., Simpson, A.J., 2012. 
Physical, chemical, and biochemical mechanisms of soil organic matter 
stabilization under conservation tillage systems: A central role for microbes and 
microbial by-products in C sequestration. Soil Biology and Biochemistry 57, 
127-134. 
Post, W.M., Izaurralde, R.C., Jastrow, J.D., McCARL, B.A., Amonette, J.E., Bailey, 
V.L., Jardine, P.M., West, T.O., Zhou, J., 2004. Enhancement of carbon 
sequestration in US soils. Bioscience 54, 895-908. 
Post, W.M., Kwon, K.C., 2000. Soil carbon sequestration and land-use change: 
processes and potential. Global Change Biology 6, 317-327. 
Powlson, D., Jenkinson, D., 1981. A comparison of the organic matter, biomass, 
adenosine triphosphate and mineralizable nitrogen contents of ploughed and 
direct-drilled soils. Journal of Agricultuaral Science 97, 713-721. 
169 
Preston-Mafham, J., Boddy, L., Randerson, P.F., 2002. Analysis of microbial 
community functional diversity using sole-carbon-source utilisation profiles ± a 
critique. FEMS Microbiology Ecology 42, 1-14. 
Puget, P., Lal, R., 2005. Soil organic carbon and nitrogen in a Mollisol in central 
Ohio as affected by tillage and land use. Soil and Tillage Research 80, 201-213. 
Purakayastha, T.J., Smith, J.L., Huggins, D.R., 2009. Microbial biomass and N 
cycling under native prairie, conservation reserve and no-tillage in Palouse 
soils. Geoderma 152, 283-289. 
Rasband, W., 2002. NIH ImageJ, Research Service Branch, National Institute of 
Mental Health, National Institute of Health, Bethesda, MD (2002) Available 
online at http://rsb.info.nih.gov/ij/docs/intro.html (verified June 2, 2010). 
Regina, K., Alakukku, L., 2010. Greenhouse gas fluxes in varying soils types under 
conventional and no-tillage practices. Soil and Tillage Research 109, 144-152. 
Reicosky, D.C., Dugas, W.A., Torbert, H.A., 1997. Tillage-induced soil carbon 
dioxide loss from different cropping systems. Soil and Tillage Research 41, 
105-118. 
Robertson, G.P., Grace, P., 2004. Greenhouse Gas Fluxes in Tropical and Temperate 
Agriculture: The need for a Full-Cost accounting of Global Warming 
Potentials. Environment, Development and Sustainability 6, 51-63. 
Robertson, G.P., Paul, E.A., Harwood, R.R., 2000. Greenhouse Gases in Intensive 
Agriculture: Contributions of Individual Gases to the Radiative Forcing of the 
Atmosphere. Science 289, 1922-1925. 
Roger-Estrade, J., Anger, C., Bertrand, M., Richard, G., 2010. Tillage and soil 
ecology: Partners for sustainable agriculture. Soil and Tillage Research 111, 
33-40. 
Roldán, A., Salinas-García, J.R., Alguacil, M.M., Díaz, E., Caravaca, F., 2005. Soil 
enzyme activities suggest advantages of conservation tillage practices in 
sorghum cultivation under subtropical conditions. Geoderma 129, 178-185. 
Rowell, D.L., 1994. Soil Science: Methods and applications. Longman Scientific and 
Technical, UK, 350 pp. 
Sainju, U.M., Senwo, Z.N., Nyakatawa, E.Z., Tazisong, I.A., Reddy, K.C., 2008. Soil 
carbon and nitrogen sequestration as affected by long-term tillage, cropping 
systems, and nitrogen fertilizer sources. Agriculture, Ecosystems & 
Environment 127, 234-240. 
Sainju, U.M., Singh, B.P., Whitehead, W.F., 2002. Long-term effects of tillage, cover 
crops, and nitrogen fertilization on organic carbon and nitrogen concentrations 
in sandy loam soils in Georgia, USA. Soil and Tillage Research 63, 167-179. 
Sainju, U.M., Singh, B.P., Whitehead, W.F., 2005. Tillage, cover crops, and nitrogen 
fertilization effects on cotton and sorghum root biomass, carbon, and nitrogen. 
Agronomie Journal 97, 1279-1290. 
Sánchez-Girón, V., Serrano, A., Hernanz, J.L., Navarrete, L., 2004. Economic 
assessment of three long-term tillage systems for rainfed cereal and legume 
production in semiarid central Spain. Soil and Tillage Research 78, 35-44. 
170 
Sardans, J., Peñuelas, J., Estiarte, M., 2008. Changes in soil enzymes related to C and 
N cycle and in soil C and N content under prolonged warming and drought in a 
Mediterranean shrubland. Applied Soil Ecology 39, 223-235. 
Schaufler, G., Kitzler, B., Schindlbacher, A., Skiba, U., Sutton, M.A., Zechmeister-
Boltenstern, S., 2010. Greenhouse gas emissions from European soils under 
different land use: effects of soil moisture and temperature. European Journal 
of Soil Science 61, 683-696. 
Schinner, F., Öhlinger, R., Kandeler, E., Margesin, R., 2012. Methods in Soil 
Biology. Springer. 
Schinner, F., von Mersi, W., 1990. Xylanase-, CM-cellulase- and invertase activity in 
soil: An improved method. Soil Biology and Biochemistry 22, 511-515. 
Schjønning, P., Rasmussen, K.J., 2000. Soil strength and soil pore characteristics for 
direct drilled and ploughed soils. Soil and Tillage Research 57, 69-82. 
Sey, B.K., Manceur, A.M., Whalen, J.K., Gregorich, E.G., Rochette, P., 2008. Small-
scale heterogeneity in carbon dioxide, nitrous oxide and methane production 
from aggregates of a cultivated sandy-loam soil. Soil Biology and Biochemistry 
40, 2468-2473. 
Simmons, B.L., Coleman, D.C., 2008. Microbial community response to transition 
from conventional to conservation tillage in cotton fields. Applied Soil Ecology 
40, 518-528. 
âLPRQ 7 -DYĤUHN 0 0LNDQRYi 2 9DFK 0  7KH LQIOXHQFH RI WLOODJH
systems on soil organic matter and soil hydrophobicity. Soil and Tillage 
Research 105, 44-48. 
Sinsabaugh, R.L., 2010. Phenol oxidase, peroxidase and organic matter dynamics of 
soil. Soil Biology and Biochemistry 42, 391-404. 
Sisti, C.P.J., dos Santos, H.P., Kohhann, R., Alves, B.J.R., Urquiaga, S., Boddey, 
R.M., 2004. Change in carbon and nitrogen stocks in soil under 13 years of 
conventional or zero tillage in southern Brazil. Soil and Tillage Research 76, 
39-58. 
Six, J., Elliott, E., Paustian, K., 1999b. Aggregate and soil organic matter dynamics 
under conventional and no-tillage systems. Soil Science Society of America 
Journal 63, 1350-1358. 
Six, J., Elliott, E.T., Paustian, K., 2000. Soil macroaggregate turnover and 
microaggregate formation: a mechanism for C sequestration under no-tillage 
agriculture. Soil Biology and Biochemistry 32, 2099-2103. 
Six, J., Feller, C., Denef, K., Ogle, S.M., Sa, J.C.D., Albrecht, A., 2002. Soil organic 
matter, biota and aggregation in temperate and tropical soils - Effects of no-
tillage. Agronomie 22, 755-775. 
Six, J., Ogle, S.M., Breidt, F.J., Conant, R.T., Mosier, A.R., Paustian, K., 2004. The 
potential to mitigate global warming with no-tillage management is only 
realized when practised in the long term. Global Change Biology 10, 155-160. 
Six, J., Paustian, K., Elliott, E.T., Combrink, C., 2000b. Soil structure snd organic 
matter I. Distribution of aggregate-size classes and aggregate-associated 
carbon. Soil Science Society of America Journal 64, 681-689. 
171 
Smith, P., 2004. Soils as carbon sinks: the global context. Soil Use and Management 
20, 212-218. 
Smith, P., Goulding, K., Smith, K., Powlson, D., Smith, J., Falloon, P., Coleman, K., 
2001. Enhancing the carbon sink in European agricultural soils: including trace 
gas fluxes in estimates of carbon mitigation potential. Nutrient Cycling in 
Agroecosystems 60, 237-252. 
Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, 
6 2¶0DUD ) 5LFH & 6FKROHV % 6LURWHQNR 2  $JULFXOWXUH ,Q
Climate Change 2007: Mitigation. Contribution of Working Group III to the 
Fourth Assessment Report of the Intergovernmental Panel on Climate Change. 
In: Metz, B., Davidson, O., Bosch, P., Dave, R., Meyer, L. (Eds.), Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA. 
Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, 
S., O'Mara, F., Rice, C., Scholes, B., Sirotenko, O., Howden, M., McAllister, 
T., Pan, G., Romanenkov, V., Schneider, U., Towprayoon, S., Wattenbach, M., 
Smith, J., 2008. Greenhouse gas mitigation in agriculture. Philosophical 
Transactions of the Royal Society B-Biological Sciences 363, 789-813. 
Sombrero, A., de Benito, A., 2010. Carbon accumulation in soil. Ten-year study of 
conservation tillage and crop rotation in a semi-arid area of Castile-Leon, 
Spain. Soil and Tillage Research 107, 64-70. 
Stevenson, F.J., 1994. Humus chemistry: genesis, composition, reactions, 2nd 
Edition. Wiley, New York. 
Strong, D.T., De Wever, H., Merckx, R., Recous, S., 2004. Spatial location of carbon 
decomposition in the soil pore system. European Journal of Soil Science 55, 
739-750. 
Su, Z., Zhang, J., Wu, W., Cai, D., Lv, J., Jiang, G., Huang, J., Gao, J., Hartmann, R., 
Gabriels, D., 2007. Effects of conservation tillage practices on winter wheat 
water-use efficiency and crop yield on the Loess Plateau, China. Agricultural 
Water Management 87, 307-314. 
Tabatabai, M.A., 1982. Soil enzymes. In: Pace, A.C., Miller, R.H., Keeney, D.R. 
(Eds.), Methods of Soil Analysis, Part 2 Chemical and Microbiological 
Properties (2nd edition). AmericanSociety of Agronomy, Madison (1982), pp. 
903±947. 
Taina, I., Heck, R., Elliot, T., 2008. Application of X-ray computed tomography to 
soil science: A literature review. Canadian Journal of Soil Science 88, 1-20. 
Thalmann, A., 1968. Zur Methodik der Bestimmung der Dehydrogenaseaktivittt im 
Boden mittels Triphenyltetrazoliumchlorid (TTC). Landwirtsch Forsch 21, 249-
258. 
Tisdall, J., Oades, J., 1980. The effect of crop rotation on aggregation in a red-brown 
earth. Australian Journal of Soil Research 18, 423-433. 
Tormena, C.A., da Silva, A.P., Libardi, P.L., 1999. Soil physical quality of a 
Brazilian Oxisol under two tillage systems using the least limiting water range 
approach. Soil and Tillage Research 52, 223-232. 
172 
Trasar-Cepeda, C., Leirós, M.C., Gil-Sotres, F., 2008. Hydrolytic enzyme activities 
in agricultural and forest soils. Some implications for their use as indicators of 
soil quality. Soil Biology and Biochemistry 40, 2146-2155. 
Tubiello, F.N., Ewert, F., 2002. Simulating the effects of elevated CO2 on crops: 
approaches and applications for climate change. European Journal of 
Agronomy 18, 57-74. 
Tufekcioglu, A., Raich, J.W., Isenhart, T.M., Schultz, R.C., 2003. Biomass, carbon 
and nitrogen dynamics of multi-species riparian buffers within an agricultural 
watershed in Iowa, USA. Agroforestry Systems 57, 187-198. 
Uchida, Y., Clough, T.J., Kelliher, F.M., Sherlock, R.R., 2008. Effects of aggregate 
size, soil compaction, and bovine urine on N2O emissions from a pasture soil. 
Soil Biology and Biochemistry 40, 924-931. 
Udawatta, R.P., Anderson, S.H., 2008. CT-measured pore characteristics of surface 
and subsurface soils influenced by agroforestry and grass buffers. Geoderma 
145, 381-389. 
Ugalde, D., Brungs, A., Kaebernick, M., McGregor, A., Slattery, B., 2007. 
Implications of climate change for tillage practice in Australia. Soil and Tillage 
Research 97, 318-330. 
Uri, N.D., 2000. Conservation practices in US agriculture and their implication for 
global climate change. Science of The Total Environment 256, 23-38. 
Ussiri, D., Lal, R., Jarecki, M.K., 2009. Nitrous oxide and methane emissions from 
long-term tillage under a continuous corn cropping system in Ohio. Soil and 
Tillage Research 104, 247-255. 
Ussiri, D.A.N., Lal, R., 2009b. Long-term tillage effects on soil carbon storage and 
carbon dioxide emissions in continuous corn cropping system from an alfisol in 
Ohio. Soil and Tillage Research 104, 39-47. 
Vakali, C., Zaller, J.G., Köpke, U., 2011. Reduced tillage effects on soil properties 
and growth of cereals and associated weeds under organic farming. Soil and 
Tillage Research 111, 133-141. 
Van den Putte, A., Govers, G., Diels, J., Gillijns, K., Demuzere, M., 2010. Assessing 
the effect of soil tillage on crop growth: A meta-regression analysis on 
European crop yields under conservation agriculture. European Journal of 
Agronomy 33, 231-241. 
Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for 
measuring soil microbial biomass C. Soil Biology and Biochemistry 19, 703-
707. 
Varvel, G.E., Wilhelm, W.W., 2011. No-tillage increases soil profile carbon and 
nitrogen under long-term rainfed cropping systems. Soil and Tillage Research 
114, 28-36. 
Venterea, R.T., Burger, M., Spokas, K.A., 2005. Nitrogen oxide and methane 
emissions under varying tillage and fertilizer management. Journal of 
Environmental Quality 34, 1467-1477. 
Verhulst, N., Nelissen, V., Jespers, N., Haven, H., Sayre, K., Raes, D., Deckers, J., 
Govaerts, B., 2011. Soil water content, maize yield and its stability as affected 
173 
by tillage and crop residue management in rainfed semi-arid highlands. Plant 
and Soil 344, 73-85. 
Vogeler, I., Rogasik, J., Funder, U., Panten, K., Schnug, E., 2009. Effect of tillage 
systems and P-fertilization on soil physical and chemical properties, crop yield 
and nutrient uptake. Soil and Tillage Research 103, 137-143. 
Waldrop, M.P., Balser, T.C., Firestone, M.K., 2000. Linking microbial community 
composition to function in a tropical soil. Soil Biology and Biochemistry 32, 
1837-1846. 
Wang, G., Jin, J., Chen, X., Liu, J., Liu, X., Herbert, S., 2007. Biomass and catabolic 
diversity of microbial communities with long-term restoration, bare fallow and 
cropping history in Chinese Mollisols. Plant Soil and Environment 53, 177. 
Wang, X., Dai, K., Zhang, D., Zhang, X., Wang, Y., Zhao, Q., Cai, D., Hoogmoed, 
W.B., Oenema, O., 2011. Dryland maize yields and water use efficiency in 
response to tillage/crop stubble and nutrient management practices in China. 
Field Crops Research 120, 47-57. 
Wang, X., Wu, H., Dai, K., Zhang, D., Feng, Z., Zhao, Q., Wu, X., Jin, K., Cai, D., 
Oenema, O., Hoogmoed, W.B., 2012. Tillage and crop residue effects on 
rainfed wheat and maize production in northern China. Field Crops Research 
132, 106-116. 
Wang, X.-B., Cai, D.-X., Hoogmoed, W.B., Oenema, O., Perdok, U.D., 2006. 
Potential Effect of Conservation Tillage on Sustainable Land Use: A Review of 
Global Long-Term Studies. Pedosphere 16, 587-595. 
West, T.O., Marland, G., 2002a. Net carbon flux from agricultural ecosystems: 
methodology for full carbon cycle analyses. Environmental Pollution 116, 439-
444. 
West, T.O., Marland, G., 2002c. A synthesis of carbon sequestration, carbon 
emissions, and net carbon flux in agriculture: comparing tillage practices in the 
United States. Agriculture, Ecosystems & Environment 91, 217-232. 
West, T.O., Post, W.M., 2002. Soil organic carbon sequestration rates by tillage and 
crop rotation. Soil Science Society of America Journal 66, 1930-1946. 
West, T.O., Post, W.M., 2002b. Soil Organic Carbon Sequestration Rates by Tillage 
and Crop Rotation. Soil Science Society of America Journal 66, 1930-1946. 
West, T.O., Six, J., 2007. Considering the influence of sequestration duration and 
carbon saturation on estimates of soil carbon capacity. Climatic Change 80, 25-
41. 
Wilhelm, W.W., Wortmann, C.S., 2004. Tillage and rotation interactions for corn and 
soybean grain yield as affected by precipitation and air temperature. Agronomy 
Journal 96, 425-432. 
Wright, A.L., Hons, F.M., 2005. Tillage impacts on soil aggregation and carbon and 
nitrogen sequestration under wheat cropping sequences. Soil and Tillage 
Research 84, 67-75. 
Wright, A.L., Hons, F.M., Lemon, R.G., McFarland, M.L., Nichols, R.L., 2007. 
Stratification of nutrients in soil for different tillage regimes and cotton 
rotations. Soil and Tillage Research 96, 19-27. 
174 
Wu, L., Swan, J.B., Paulson, W.H., Randall, G.W., 1992. Tillage effects on measured 
soil hydraulic properties. Soil and Tillage Research 25, 17-33. 
Wuest, S.B., Albrecht, S.L., Skirvin, K.W., 2000. Crop residue position and 
interference with wheat seedling development. Soil and Tillage Research 55, 
175-182. 
Yang, X.M., Drury, C.F., Reynolds, W.D., Tan, C.S., 2008. Impacts of long-term and 
recently imposed tillage practices on the vertical distribution of soil organic 
carbon. Soil and Tillage Research 100, 120-124. 
Yang, X.-M., Wander, M.M., 1999. Tillage effects on soil organic carbon distribution 
and storage in a silt loam soil in Illinois. Soil and Tillage Research 52, 1-9. 
Yoh, M., Toda, H., Kanda, K.-i., Tsuruta, H., 1997. Diffusion analysis of N2O 
cycling in a fertilized soil. Nutrient Cycling in Agroecosystems 49, 29-33. 
Yoo, G.Y., Nissen, T.M., Wander, M.M., 2006. Use of physical properties to predict 
the effects of tillage practices on organic matter dynamics in three Illinois soils. 
Journal of Environmental Quality 35, 1576-1583. 
Yu, K., Böhme, F., Rinklebe, J., Neue, H.-U., DeLaune, R.D., 2007. Major 
biogeochemical processes in soils-A microcosm incubation from reducing to 
oxidizing conditions. Soil Science Society of America Journal 71, 1406-1417. 
Zanatta, J.A., Bayer, C., Dieckow, J., Vieira, F.C.B., Mielniczuk, J., 2007. Soil 
organic carbon accumulation and carbon costs related to tillage, cropping 
systems and nitrogen fertilization in a subtropical Acrisol. Soil and Tillage 
Research 94, 510-519. 
Zhang, G.S., Chan, K.Y., Oates, A., Heenan, D.P., Huang, G.B., 2007. Relationship 
between soil structure and runoff/soil loss after 24 years of conservation tillage. 
Soil and Tillage Research 92, 122-128. 
Zhang, S., Li, Q., Zhang, X., Wei, K., Chen, L., Liang, W., 2012. Effects of 
conservation tillage on soil aggregation and aggregate binding agents in black 
soil of Northeast China. Soil and Tillage Research 124, 196-202. 
Zhou, H., Li, B., Lu, Y., 2009. Micromorphological analysis of soil structure under 
no tillage management in the black soil zone of Northeast China. Journal of 
Mountain Science 6, 173-180. 
Zhou, X., Lin, H.S., White, E.A., 2008. Surface soil hydraulic properties in four soil 
series under different land uses and their temporal changes. Catena 73, 180-
188. 
Zotarelli, L., Alves, B.J.R., Urquiaga, S., Boddey, R.M., Six, J., 2007. Impact of 
tillage and crop rotation on light fraction and intra-aggregate soil organic matter 
in two Oxisols. Soil and Tillage Research 95, 196-206. 
Zotarelli, L., Alves, B.J.R., Urquiaga, S., Boddey, R.M., Six, J., 2007. Impact of 
tillage and crop rotation on light fraction and intra-aggregate soil organic matter 
in two Oxisols. Soil and Tillage Research 95, 196-206. 
175 
 
8. APPENDICES 
1.  Shear strength 
Soil strength in the surface 50 mm was recorded in the field using Pilcon 120 
kPa hand vane (Fig. A.1). The vane is then rotated carefully until the soil fails 
and the force recorded. Four readings were collected from each plot to provide 
an average. 
 
Fig. A.1. Estimation of shear strength in the field using hand held shear vane 
2. Ponding limit 
Time to ponding was determined using a peristaltic pump (Chemlab). 
Polythene tubes with flow rates 1.0, 1.2, 1.4, 2.0, 2.5, 2.9, 3.4 and 3.9 cm3   
min-1 were used to add water at pre-determined flow rate. The water flow was 
monitored and the time it took until surface ponding occurred was recorded in 
minutes.  
3. Saturated hydraulic conductivity 
Saturated hydraulic conductivity was quantified using the constant head 
method (Klute et al., 1986). For this, constant water head was created at 2 cm 
above the soil level in the soil column which had previously been saturated 
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with water. The water draining through the column for a period of 5 minutes 
was collected and measured and the saturated hydraulic conductivity was 
calculated using Darcy`s law as given below and was expressed in cm s-1.    
 ? ?ൌ  ? ? ? ? ൤ ⨇?൅  ? ? ൨ (1) 
 
Where Q is the rate of flow i.e. volume of water collected per time   unit (cm3 
s-1), A the cross sectional area of the soil column (cm2), l is the length of soil 
column (cm). 
4. Field soil water content 
Field moist soil samples collected in the field were packed in polythene bags 
and transported to the laboratory and gravimetric soil moisture content was 
determined by oven drying at 105oC (Page et al., 1982). Volumetric soil 
moisture content was estimated in the field using Delta-T Theta Probe. The 
rods of Theta Probes were inserted into the soil surface (upper 5 cm) and four 
readings were recorded at each site. 
5. Dry bulk density 
Intact soil cores were collected in steel cylinders of known diameter and height 
and placed in polythene bags before being transported to the laboratory. Soil 
cores were trimmed to remove excess soil for the top, bottom and sides of 
cylinders. They were then oven dried at 105oC before being weighed and the 
bulk density was expressed as Mg m-3.  
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6. Particle size analysis and soil texture 
Particle size analysis was performed using the hydrometer method (Bouyoucos, 
1961), 50 grams of <2 mm sieved, air-dried soil was treated with 6% H2O2 and 
gently heated to remove organic matter. The coarse sand and fine sand was 
separated by sieving before making up to one litre for recording the hydrometer 
reading. A 5% solution of sodium hexa metaphosphate was used to bring about 
dispersion and soil mixing was ensured using a plunger before recording the 
hydrometer readings for silt and clay and clay. The sand content was 
determined after oven drying. Soil textural classification was made according 
to European classification using 60 µm as the upper limit for silt (Rowell, 
1994). 
7. Soil pH 
A combined pH electrode was used to measure pH of 1:2 soil water suspension 
of air dried 2 mm sieved soil sample. 
8. Soil organic matter 
Soil organic carbon was estimated using Walkley and Black method (Nelson et 
al., 1982). Briefly, the soil samples were air dried and finely ground to pass 
through 0.5 mm sieve. The organic matter was mixed with potassium 
dichromate and sulphuric acid and the residual dichromate was titrated with 
ferrous ammonium sulphate. Soil organic matter content was also estimated 
using the method of loss on ignition, by igniting the humus content of an oven 
dried soil at 550oC in a muffle furnace. Soil organic carbon stock was 
determined by multiplying organic carbon content with thickness of soil core 
and bulk density and was expressed as Mg C ha-1 using the following equation 
(Batjes, 1996). 
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(2) 
9.  Total carbon and nitrogen  
The soil samples were first air dried and passed through 2 mm sieve. These 
samples were subjected to ball milling using a planetary ball mill (Retsch, 
PM400). Oven dried (105oC) soil samples were ground using an agate mortar 
with the help of four balls, at a speed of 300 rpm for 4 min. About 15 mg of 
ball milled samples were weighed into a silver capsule followed by addition of 
5 mg of vanadium pentoxide. Total C and N analysis was determined using a 
CN analyser (Flash 112 series, CE instruments) set at a furnace temperature of 
900oC, carrier gas flow of 140 ml min-1 and oxygen flow of 250 ml min-1. An 
organic soil with a known C and N content was used as standard.  
10. Ammonium and nitrate nitrogen (NH4-N and NO3-N) 
For the measurement of ammonium and nitrate (NH4-N and NO3-N) 
concentration, 6g of field moist soil was extracted in 40 ml of 2M KCl. 
Ammonium in the extracts was determined colourimetrically (Kempers, 1974). 
One millilitre filtrate was mixed with phenol and hypochlorite to form a blue 
indophenol complex in solution. The concentration of ammonium in solution 
was measured colourimetrically at 635 nm using a spectrophotometer. 
For the determination of NO3-N, nitrate in a suitable aliquot of KCl extract was 
reduced to nitrite using spongy cadmium, which was further complexed to 
form a red azo-species in solution using sulphanilamide and N-1-
naphthylethelenediamine dihydrochloride. The concentration of NO3-N was 
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measured by comparing the absorbance with known standards of KNO3 at a 
wavelength of 543 nm (Jones, 1984). 
11. Greenhouse gas estimation from soil 
Greenhouse gas measurements were conducted by placing the soil cores in 
glass jars of known volume (1.5 dm3 for experiment in Chapters 2, 3 and 4; 
0.25 dm3 for experiment Chapter 5).  The glass jars were fitted with rubber 
septa in the lid for head space gas sampling with a syringe. To calculate the 
headspace volume of glass jars, the volume of soil cores were subtracted from 
the volume of glass jars. The soil cores were placed inside the jar. Soon after 
closing the lid ambient air equivalent to removal by sampling later was added 
to the jar. The gas sampling was undertaken after ensuring adequate mixing of 
the air within the jar using a magnetic stirrer. BD Plastipak polypropylene 
syringes were used for gas sampling. The gas sampling was repeated at 15 
minute intervals until one hour. The collected gas samples were stored in pre-
evacuated 12 ml air tight glass vials closed airtight. On the day of analysis gas 
samples were taken with a syringe inserted into the vials and were analysed for 
concentration of CO2, CH4 and N2O using gas chromatography equipped with a 
thermal conductivity detector (TCD), flame ionization detector (FID) and an 
electron capture detector (ECD) (GC-2014, Shimadzu). Nitrogen was used as 
carrier gas. The fluxes of these samples were calculated using linear regression 
of the gas concentration against sample time. The GHG data was converted to 
mass per volume and mass per weight basis by the use of ideal gas equation 
and the molecular mass of each gas (Denef et al., 2007). 
 ? ൌ  ? ? ? ? (3) 
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Where n = number of moles of CO2, N2O or CH4, P is atmospheric pressure 
(§1 atm), V is the volume of head space (dm-3), R is the ideal gas constant 
(0.08205746 L atm Kí1 ?molí1) and T is the temperature of sampling (273.15 + 
room temperature in oC).  
 ? ൌ ? ? ? ?ൈ  ? ? ? ? (4) 
Where E= flux of each gas in mg m-2 hr-1, n = number of moles of CO2, N2O or 
CH4, m = molar weight of CO2 (44.01), N2O (44.01) or CH4 (16.04), a = area 
of the soil core used and t is the time in hour. The gas flux was also expressed 
on a per mass basis of soil.   
Total greenhouse balance or net global warming potential was calculated in 
CO2-equivalents as per IPCC (2001) using the following equation.  ? ? ? ൌ ቔቀ஼ைଶൈସସଵଶ ቁ ൅ ሺ ? ? ? ൈ ? ?ሻ ൅ ሺ ? ? ? ൈ ? ? ?ሻቕ    (5) 
12. Microbial biomass carbon and nitrogen 
Field moist soil samples were used for the estimation of microbial biomass 
carbon and nitrogen by the chloroform fumigation-extraction technique as per 
Vance et al. (1987). Fifteen grams of field moist samples were incubated under 
chloroform environment in presence of soda lime for 24 hours. Both fumigated 
and unfumigated control samples were extracted using 60 ml of 0.5 M K2SO4. 
Microbial biomass carbon and nitrogen in the extracts was analysed using a 
Shimadzu CN analyser (TOC-V CPH Shimadzu). The results were corrected 
using the value of 0.45 for both carbon and nitrogen as suggested by Jenkinson 
et al. (2004). Microbial biomass carbon was then determined as follows. 
 ? ?ൌ ቂቀ ்ை஼௙ௐ௙௦௢௜௟ቁ െ ሺ ்ை஼௕ௐ௕௦௢௜௟ሻቃ ൈ ቔ௏௘௫௧௞ா஼ ቕ      (6) 
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Where Cm the microbial biomass carbon (mg C kg-1 soil), TOCf the total 
organic carbon measured in the fumigated soil extract (µg mL-1), TOCb the 
total organic carbon measured in blank soil extract (µg mL-1), Vext the volume 
of K2SO4 extract (mL), Wfsoil the dry weight equivalent of soil for fumigated, 
Wbsoil the dry weight equivalent of soil for control, and kEC a coefficient to 
convert chloroform liable carbon to microbial biomass carbon. The microbial 
biomass nitrogen was calculated in the same way. 
13. Microbial functional diversity in soil 
The carbon utilisation pattern in soil collected from the field was studied using 
Biolog GN2 microplates (Biolog Inc., California, USA, supplied by Techno-
path Distribution Ltd, Limerick, Ireland). Biolog systems measure the 
functional ability of bacterial communities to utilise specific C substrates 
(Preston-Mafham et al., 2002). The plates consisted of 95 different carbon 
substrates in wells along with a control well without any substrate. The 
complete list to this carbon substrates are provided in Table A.1. The 
colourless redox dye (tetrazolium violet) present in each well gets reduced 
following the substrate utilisation in each well and turns into purple colour. 
The intensity of colour was measured with plate reader with a filter (595 nm). 
Initially the soils stored at -20oC were thawed over 48h. One gram dry weight 
HTXLYDOHQW RI VRLO ZDV VXVSHQGHG LQ  PO RI ó 5LQJHU¶V VROXWLRQ  J
NaCl, 0.105 g KCl, 0.12 g CaCl2 and 0.05 g NaHCO3 dissolved in 1 litre of 
distilled water to make a full strength Ringers solution) to get a soil dilution of 
102. The suspension was WKRURXJKO\ PL[HG EHIRUH WUDQVIHUULQJ  ȝ/ RI
suspention to each well of biolog plates using a multichannel dispensing 
pipette. The biolog plates were then incubated at 20 oC for 5 days. The 
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absorbance of each wells of biolog plates were measured at 595 nm using a 
microplate reader (BioTek ELX 808, BioTek Instruments, Vermont, USA) 
initially within 2 h of inoculation and then at 24h intervals for 5 days. The 
colour intensity was measured using the software Gen5 (BioTek instruments, 
Inc, USA). The absorbance values were corrected by subtracting them from 
initial absorbance values recorded within 2 h of inoculation to account for the 
differences in absorption created by soil particles. Negative readings after the 
correction were adjusted to zero (Lupwayi et al., 2001). The average well 
colour development (AWCD) was calculated by dividing colour response of 
each well by the sum of the optical density data for all the 95 wells.  According 
to the type of carbon substrates used in the well, they were further grouped into 
different functional guilds, eg. polymers, carbohydrates, carboxylic acids etc. 
The average colour development for each guild was then computed. Garland 
(1997) recommended that choosing positive values higher than 0.25 
absorbance could eliminate weak false positive response. Hence the statistical 
analysis was carried out on the mean colour intensity values greater than 0.25. 
A repeated measures ANOVA was carried out to assess the effect of incubation 
time on AWCD and other functional groups. A two way analysis of variance 
was performed to test the effect of tillage and depth on AWCD and different 
functional groups. For this a time point was chosen which had average well 
colour development values between 0.75 and 1.0 (Garland, 1997) and this was 
at 120 h of incubation. The substrate-utilization patterns were subjected to 
principal component analysis (PCA) using AWCD as a co-variable to 
understand the patterns of substrate use. 
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14. Dehydrogenase 
Dehydrogenase activity was determined based on modification of Thalman 
(1968) suggested by Ohlinger (1995). For this, 5 g of field moist soil samples 
were incubated with 5 ml of 1% solution of 2,3,5-triphenyltetrazolium chloride 
at 25 oC for 16h. The triphenyl formazan (TPF) formed was extracted with 25 
mL of acetone by shaking vigorously for 2h in the dark. The solution was 
filtered in semi dark rooms and the intensity of TPF was measured at 546 nm 
against the known standards and was expressed as µg TPF g-1 h-1. 
15. Cellulase 
Field moist soil (10 g) was incubated in 15 ml acetate buffer (2M, pH 5.5) 
using carboxy methyl as substrate (15 mL, 0.7% w/v) for 24 h at 50°C in a 
stoppered Erlenmeyer flask.  The control was similarly incubated after adding 
only the acetate buffer, but without substrate. After incubation, 15 mL of 
substrate solution was added to the controls, and the control and samples were 
filtered immediately. Reducing sugars released during the incubation period 
was made to react with potassium hexacyanoferrate (III) in an alkaline 
medium. The reduced potassium hexacyanoferrate (II) was then allowed to 
react with ferric ammonium sulphate in an acid medium to form a coloured 
complex of ferric hexacyanoferrate (II). The intensity of the colour was read at 
690 nm using a spectrophotometer. The activity of cellulase was expressed as 
mg GE (glucose equivalents) g-1 day-1 (Schinner et al., 1990)
. 
16. Xylanase 
Field moist soil (5 g) was incubated in 15 ml acetate buffer (2M, pH 5.5) using 
xylan as substrate (15 mL, 1.2% w/v) for 24 h at 50°C in a stoppered 
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Erlenmeyer flask.  The control was similarly incubated after adding only the 
acetate buffer, but without xylan. After incubation, 15 mL xylan solution was 
added to the controls, and the control and samples were filtered immediately. 
Reducing sugars released during the incubation period was made to react with 
potassium hexacyanoferrate (III) in an alkaline medium. The reduced 
potassium hexacyanoferrate (II) was then allowed to react with ferric 
ammonium sulphate in an acid medium to form a coloured complex of ferric 
hexacyanoferrate (II). The intensity of the colour was read at 690 nm using a 
spectrophotometer. The activity of xylanase was expressed as mg GE (glucose 
equivalents) g-1 day-1 (Schinner et al., 1990)
.
 
17. ȕ- Glucosidase activity 
7KHPHDVXUHPHQWRIȕ- Glucosidase activity was based on the method modified 
from Hoffman and Dedeken  (1965) reported by Schinner et al. (2012). Briefly 
5 g of field moist sample was incubated with 20 mL of acetate buffer (2M) and 
10 mL of salicin (35 mM) at 37 oC for 3 h. The release of saligenin was 
determined colorimetrically using 2,6-dibromchinone-4-chlorimide at 578 nm 
XVLQJ VSHFWURSKRWRPHWHU 7KH ȕ- Glucosidase activity was expressed as mg 
saligenin g-1 3h-1. 
18. Phenol oxidase and peroxidase 
The measurement of phenol oxidase and peroxidase was based on Dick (2011). 
For measurement of phenol oxidase activity, 0.5 g of field moist soil was 
incubated with 3 mL of acetate buffer and 2 mlL of 10 mM L-DOPA (L-3,4-
dihydroxy phenylalanine). Incubation was done at 25 oC in a shaking 
environment (100 rev miní1 for 10 minutes). This was followed by 
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centrifugation for 10 min at 5oC. The reaction product (dopachrome) was read 
at 475 nm using a spectrophotometer. The method for peroxidase was the same 
as phenol oxidase, but with an additional step of addition of 0.2 mL of 0.3% 
H2O2, just before incubation. These enzymes were expressed as µmol 
dopachrome g-1 h-1. 
19. Fourier Transform Infrared spectroscopy (FTIR) 
ATR-FTIR absorption spectra were obtained with a Bruker Tensor 27 FTIR 
equipped with N2 purge gas generator and a MCT detector. Initially and after 
every 8 samples, a background spectrum was run. Oven dried ball milled soil 
samples were placed on the crystal spot and the arm is rotated over and turned 
down to press the sample down to the crystal face. A total of 128 scans were 
performed for each soil samples in the data collection range of 400 to 4000 cm-
1 at a resolution of 1 cm-1. All spectra were normalised using total mean an 
standard deviation, before being subjected to analysis. In IR bands, the wave 
numbers corresponding to the absorption peaks were identified and 
corresponding functional groups were assigned by comparing with the 
published information (Glagovich, 2013). Analysis of variance was performed 
on the frequencies corresponding to these wave numbers. 
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Table A.1. Carbon Sources in Biolog GN2 microtitre plates 
Yellow = Polymers ; Blue = Carbohydrates ; Lime green = Carboxylic Acids ; Pink = Amino Acids ; Orange = Esters ; Peach = Brominated 
chemicals ; Purple = Amides ; White = Aromatic chemicals ; Red = Amines ; Green = Alcohols and Grey = Phosphorylated Chemicals 
  
1 2 3 4 5 6 7 8 9 10 11 12 
A  Water 
 Į-Cyclo-
dextrin  Dextrin  Glycogen  Tween 40  Tween 80 
 N-Acetyl-
DS-
Galactosa
mine 
 N-Acetyl-
D-
Glucosami
ne Adonitol  
 L-
Arabinose D-Arabitol  
 D-
Cellobiose 
B 
 i-
Erythritol 
 D-
Fructose  L-Fucose 
 D-
Galactose 
 Gentio-
biose 
 Į-D-
Glucose  m-Inositol 
 Į-D-
Lactose  Lactulose  Maltose 
D-
Mannitol  
D-
Mannose  
C 
 D-
Melibiose 
 ȕ-Methyl-
D-
Glucoside  D-Psicose 
 D-
Raffinose 
 L-
Rhamnose  D-Sorbitol  Sucrose 
 D-
Trehalose  Turanose Xylitol 
  Pyruvic 
Acid 
Methyl 
Ester 
 Succinic 
Acid 
Mono-
Methyl-
Ester 
D 
 Acetic 
Acid 
 Cis-
Aconitic 
Acid 
 Citric 
Acid 
 Formic 
Acid 
 D-
Galactonic 
Acid 
Lactone 
 D-
Galactu-
ronic Acid 
 D-
Gluconic 
Acid 
 D-Gluco-
saminic 
Acid 
 D-
Glucuronic 
Acid 
 Į-
Hydroxy-
butyric 
Acid 
 ȕ-
Hydroxy-
butyric 
Acid 
 Ȗ-
Hydroxy-
butyric 
Acid 
E 
 p-Hydroxy 
Phenylacti
c 
 Itaconic 
Acid 
 Į-Keto 
Butyric 
Acid 
 Į-Keto 
Glutaric 
Acid 
 Į-Keto 
Valeric 
Acid 
 D,L-Lactic 
Acid 
 Malonic 
Acid 
 Propionic 
Acid 
 Quinic 
Acid 
 D-
Saccharic 
Acid 
 Sebacic 
Acid 
 Succinic 
Acid 
F 
 Bromosuc
cinic Acid 
 Succinami
c Acid 
 Glucurona
mide 
 L-
Alaninami
de  D-Alanine  L-Alanine 
 L-Alanyl-
glycine 
 L-
Asparagine 
 L-Aspartic 
Acid 
 L-
Glutamic 
Acid 
 Glycyl-L-
Aspartic 
 Glycy-L-
Glutamic 
Acid 
G 
 L-
Histidine 
 Hydroxy-
L-Proline  L-Leucine 
 L-
Ornithine 
 L-
phenylalan
ine  L-Proline 
 L-Alayl- 
Glycine  D-Serine  L-Serine 
 L-
Threonine 
 D,L-
Carnitine 
 Ȗ-Amino 
Butyric 
Acid 
H 
 Urocanic 
Acid  Inosine  Uridine  Thymidine 
 Phenyethy
lamine  Putrescine 
 L-Pyro- 
glutamic 
Acid 
 2,3-
Butanediol Glycerol 
 D,L-Į-
Glycerol 
Phosphate 
 Į-D-
Glucose-1-
Phosphate 
 D-
Glucose-6-
Phosphate 
 
 
